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Floor area :1200m?
Number of stories 12

Image source: Ecipark Office Building. https://
jnmrad.com/21-delightful-two-story-building/
ecipark-office-building-two-story/

Note: building characteristics change with climate
zones

Reference scenario

Reference building as described in
Appendix with a conventional roof.
Use of two sets of climatic data
including one climatic data simulated
by Weather Research Forecast (WRF)
for the current condition for two
summer months and one measured
annual weather data.

BUILDING 01

LOW-RISE OFFICE BUILDING WITHOUT

ROOF INSULATION

R A""l (e
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Scenario 1:
Reference with cool roof scenario

Same building as in the reference
scenario with a cool roof. Use of two
sets of climatic data including one
climatic data simulated by WRF for
the current condition for two summer
months and one measured annual
weather data.

Scenario 2:
Cool roof with modified urban
temperature scenario

Same building as in the reference
scenario with a cool roof. Use of
climatic data simulated by WRF
considering an extensive use of cool
roofs in the city.
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1

SENSIBLE AND TOTAL COOLING LOAD
FOR TWO SUMMER MONTHS UNDER
THREE SCENARIOS®

9 Reference scenario, scenario 1, and scenario 2;
estimated for eleven weather stations in Sydney
using weather data simulated by WRF.

Table 1. Sensible and total cooling load for a typical low-rise office building without roof insulation for two summer
months (i.e. January and February) under three scenarios including reference scenario, reference with
cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario (scenario 2) with

weather data simulated by WRF for COP=1 for heating and cooling.

he buildi / Stations Reference Scenario 1 Scenario 2
The building-scale scenario Reference with Cool roof with
app//cat/on of cool roofs cool roof modified urban
scenario temperature
can decrease the two scenario
summer months total
i ; Sensible  Total Sensible  Total Sensible  Total
COQI’”g /C?CI(?' Of tl?e low-rise cooling cooling cooling cooling cooling cooling
office building withour roof (kWh/m?)  (kWh/m?) (kKWh/m?) (KWh/m?) (kWh/m?) (kWh/m?)
insulation from 25.8-34.3 Sydney Airport  19.5 26.4 10.2 16.1 7.1 9.6
kWh/m? to 15.6-20.5 kWh/ Terry Hill 228 27.9 116 16.1 10.1 12.8
2
m-. Bankstown 241 30.1 13.5 18.8 10.9 13.0
Canterbury 20.8 27.3 11.0 16.7 8.6 11.5
Observatory 19.1 25.8 9.9 15.6 7.8 10.9
Richmond 30.0 34.3 16.8 20.5 15.2 17.0
Penrith 26.9 31.3 15.4 19.1 13.7 15.4
Horsley Park 26.1 30.8 14.6 18.7 13.2 15.3
Camden 27.2 31.0 15.8 19.0 13.9 15.1
Olympic Park 235 29.7 13.0 18.4 10.9 13.8
Campbelltown 25.6 30.2 14.4 18.3 12.3 14.0

Table 2. Sensible and total cooling load saving for a typical low-rise office building without roof insulation for
reference scenario versus reference with cool roof scenario (scenario 1), and reference scenario versus
cool roof with modified urban temperature scenario (scenario 2) for two summer months (i.e. January and
February) with weather data simulated by WRF for COP=1 for heating and cooling.

. Stations Reference scenario versus Reference scenario versus
For Scenario 1, the total Reference with cool roof Cool roof with modified urban
coo/ing load saving is scenario (Scenario 1) temperature scenario
around 10.2-13.8 kWh/m? G
which is equiva/ent to 37.6- Sensible cooling  Total cooling Sensible cooling  Total cooling
42.0 % total cooling load KWh/m? % KWh/m? % KWh/m? % KWh/m? %
reduction. Sydney Airport 9.3 477 104 392 123 633 168 637
Terry Hill 11.2 49.2 11.7 42.0 12.7 55.8 15.0 53.9
For Scenario 2, the total Bankstown 10.6 44.0 1.3 37.6 133 55.0 17.0 56.7
cooling load saving is Canterbury 9.9 47.4 10.5 38.6 12.2 58.6 15.8 58.0
around 14.9-17.4 kWh/m? Observatory 9.2 484 102 394 113 591 149 5738
which is equiva/ent to 50.3- Richmond 13.2 44.0 13.8 40.2 14.9 49.5 17.4 50.6
63.7 % of total cooling load Penrith 115 427 121 388 132 490 159 507
reduction. Horsley Park 114 439 121 393 129 493 155 503
Camden 1.3 41.7 12.0 38.8 133 48.9 15.9 51.4
Olympic Park 10.5 44.8 11.2 37.9 12.6 53.7 15.9 53.5
Campbelltown 11.2 43.9 11.9 393 133 51.8 16.2 53.6




In the eleven weather
stations in Sydney, it

is estimated that both
building-scale and
combined building-

scale and urban scale
application of cool roofs
can significantly reduce the
cooling load of the typical
low-rise office building
without insulation during
the summer season.
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Figure 1. Spatial distribution of total cooling load for reference scenario for two summer months (i.e. January and
February) for a low-rise office building without insulation with weather data simulated by WRF for COP=1
for heating and cooling.
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Figure 2. Spatial distribution of total cooling load for reference with cool roof scenario (scenario 1) for two summer
months (i.e. January and February) for a low-rise office building without insulation with weather data
simulated by WRF for COP=1 for heating and cooling.
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Figure 3. Spatial distribution of total cooling load for cool roof with modified urban temperature scenario (scenario
2) for two summer months (i.e. January and February) for a low-rise office building without insulation with
weather data simulated by WRF for COP=1 for heating and cooling.
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et 0 UNDER TWO SCENARIOS?

Table 3. Annual cooling and heating loads for a low-rise office building without roof insulation for two scenarios
including reference scenario and reference with cool roof scenario (scenario 1) using annual measured
weather data for COP=1 for heating and cooling.

. Stations Reference Scenario 1

The annual COO//ng scenario Reference with

and heating simulation cool roof scenario

usmg annual measured Annual Annual Annual Annual

weather data illustrates cooling load heating load cooling load heating load

that the Gnnual heatl-ng (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)

penalty (7_ 1-2.5 kWh/mZ) Sensible Total Sensible Total Sensible Total Sensible Total

is Significantl)/ lower than Sydney Airport  37.2 46.6 1.9 35 22.2 30.0 2.7 4.6

the annual Coo//ng load Terry Hill 30.6 40.0 2.4 4.8 15.3 21.6 3.9 7.1

reduction (16.6-28.0 kWh/ Bankstown 461 564 24 49 262 345 37 6.9

m). Canterbury 376 470 25 54 207 281 39 75
Observatory 40.3 49.3 2.0 3.7 21.8 29.2 3.1 5.4
Richmond 51.9 63.2 2.5 5.6 30.1 38.9 3.9 7.7
Penrith 56.8 68.2 2.2 4.7 31.4 40.2 35 6.7
Horsley Park 48.2 56.4 2.5 5.2 25.5 32.1 4.0 7.4
Camden 45.9 53.5 2.9 6.4 25.1 31.2 4.6 9.0
Olympic Park 48.1 60.2 2.1 4.3 25.8 354 3.2 6.1
Campbelltown 45.7 52.5 2.8 6.1 241 29.6 4.5 8.6

Table 4. Annual cooling load saving, heating load penalty, and total cooling and heating saving for reference scenario
versus reference with cool roof scenario (scenario 1) for a low-rise office building without roof insulation
using annual measured weather data for COP=1 for heating and cooling.

. Stations Annual Annual Annual total
The.annual CQO/’ng load cooling load heating load cooling & heating load
saving by building-scale saving penalty saving
application of cool roofs is
GI’OUI’)d 35' 6-46.0 0/0. Sensible Total Sens. Total Sensible Total
KWh/m? % KWh/m? % kWh/m? kWh/m? % kWh/m? %

; Sydney Airport 150 403 166 356 07 11 143 364 155 309
The annual total cooling ydney Airpor

and heating load saving by Terry Hill 153 500 184 460 14 22 139 420 162 36.1
building-scale application Bankstown 19.9 431 219 389 13 20 186 383 200 325
of cool roofs ranges Canterbury ~ 17.0 450 189 401 14 22 155 387 167 31.9

between 15.5-26.0 kWh/m?

("'309367%} Observatory 185 46.0 20.1 408 1.1 1.8 174 412 184 347

Richmond 21.8 420 243 384 14 2.1 204 375 222 322

Penrith 254 448 280 411 1.3 2.0 242 409 26.0 357

Horsley Park 227 471 243 431 15 23 21.2 418 221 358

Camden 208 454 223 416 1.7 2.5 19.1 391 197 329

Olympic Park 223 464 248 412 11 1.7 212 422 230 357

Campbelltown 21.6 473 229 436 1.7 2.5 19.9 41.0 204 348




¢ Reference scenario, scenario 1, and scenario

2; estimated for weather stations presenting

the lowest and highest ambient temperatures in
Sydney (i.e. Observatory Hill and Richmond) using
weather data simulated by WRF.

3

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL WARM PERIOD UNDER THREE
SCENARIOS®

During a typical summer
week, the ambient air
temperature is predicted
to decrease from a range
19.2-39.8 °C in reference
scenario to a range 18.1-
38.9 °in scenario 2 in
Observatory station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.6-1.6 °C compared to
the reference scenario in
Observatory station.
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Figure 4. Indoor air temperature and ambient temperature for three scenarios including reference scenario,
reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a low-rise office building without insulation under free floating conditions during a typical
summer week in Observatory station using weather data simulated by WRF.

For scenario 2, the ambient
temperature is predicted to
decrease from 17.2-44.7°C
in reference scenario to
15.9-43.6°C in Richmond
station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.7-1.7 °C compared to
the reference scenario in
Richmond station.
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Figure 5. Indoor air temperature and ambient temperature for three scenarios including reference scenario,
reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a low-rise office building without insulation under free floating conditions during a typical
summer week in Richmond station using weather data simulated by WRF.
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Figure 6. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a low-rise office building without insulation under free-floating conditions during a typical summer
week in Observatory station using weather data simulated by WRF.
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Figure 7. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a low-rise office building without insulation under free-floating conditions during a typical summer
week in Richmond station using weather data simulated by WRF.
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scenario 1 in Observatory
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Figure 8. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a low-rise office building without insulation under free-
floating condition during a typical winter week in Observatory station using annual measured weather data.
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Figure 9. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a low-rise office building without insulation under free-
floating condition during a typical winter week in Richmond station using annual measured weather data.



For Scenario 1, the average
maximum indoor air
temperature reduction by
building-scale application
of cool roofs is predicted to
be just 3.7 °C and 4.8 °C in
Observatory and Richmond
stations, respectively.

Indoor temp reduction-Reference scenario vs scenario 1 {(°C)

10

15 20 25 30

Indoor temp-Reference scenario (°C)

Figure 10. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a low-rise office building without insulation under free-floating conditions during a typical
winter month in Observatory station using annual measured weather data.

Temperature decrease
mainly happens during the
non-heating period when
indoor temperature is
higher than the threshold.

Indoor temp reduction-Reference scenario vs scenario 1 (°C)

Indoor temp-Reference scenario (°C)

Figure 11. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a low-rise office building without insulation under free-floating conditions during a typical
winter month in Richmond station using annual measured weather data.
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NUMBER OF HOURS WITH INDOOR AIR
€ For free-floating condition in weather stations T E M P E RATU R E B E LOW /I 9 ° C D U RI N G
presentmgthe'lfwestanq highest ambient‘ A TYP | CAL CO |_ D P E R | O D AN D AB O\/E
it g i e e 26°C DURING A TYPICAL WARM PERIODE

Table 5. Number of hours with indoor air temperature below 19 °C in free-floating mode during a typical winter
month using annual measured weather data.

Stations Reference Scenario 1

During a typica/ winter scenario Reference with
month, the total number cool roof scenario
of hours with an indoor N .

. perational Total Operational Total
air temperature (<19 °C) hours* hours*
is predicted to slightly
. . Observatory 97 377 139 450
increase from 377 hours in
reference scenario to 450 Richmond 113 424 159 494
and hours andfrom 424 to * Operational hours of the building: Monday to Friday, 7 am-6 pm.

494 hours in scenario 1 in
Observatory and Richmond
stations, respectively.

The number operational
hours with air temperature
<19 °C during is expected
to increase from 97 hours
in reference scenario to
139 hours; and from 113to
159 hours in scenario 1 in
Observatory and Richmond
stations, respectively.

Table 6. Number of hours with indoor air temperature above 26 °C in free-floating mode during a typical summer
month using weather data simulated by WRF.

. . Stations Reference Scenario 1 Scenario 2
During a typical summer scenario Reference with Cool roof with
month, the total number cool roof scenario  modified urban
of hours with an indoor W LT

. . scenario
air temperature (>26 °C) is
predicted to significantly Observatory 553 433 359
decreased from 553 hours
in reference scenario Richmond 550 424 390

to 433 and 359 hours
under scenario 1 and 2 in
Observatory station; and
from 550 hours in
reference scenario to

424 and 390 hours
under scenario 1 and

2 in Richmond station,
respectively.




ECONOMIC FEASIBILITY OF COOL ROOFS:
EVALUATION OF REFURBISHMENT

The ‘Do Nothing’ approach
has clearly the highest
cost over the building’s life
cycle.

Table 7.

Building 01 is a very

good example of a cool
roof’s contribution to
drastically reducing
energy requirements and
life cycle costs in low-rise
buildings with poor energy
performance.

The building and its energy performance

Building 01 is a low-rise building, with a total air-conditioned area of 2.400 m?
distributed on one level. The 2.400 m? roof is uninsulated, resulting in very high
energy losses and, consequently, in a significant high energy saving potential. The
main features of the building’s energy performance both for Observatory Hills and
for Richmond weather conditions, are presented in Table 7.

Energy performance features of Building 01.

Energy performance features Observatory Richmond
Energy consumption prior cool roof (MWh) 66,4 86,0
Energy consumption after cool roof (MWh) 40,1 54,0
Energy savings (MWh) 26,3 31,9
Energy savings (%) 39,61 % 37,14 %
Area (m?) 2.400 2.400
Roof costs - Metal roof (AU$/m?) 38,0 38,0
Roof costs - Coating (AU$/m?) 22,75 22,75
Life expectancy - Metal roof (years) 28,5 28,5
Life expectancy - Coating (years) 22,5 22,5
HVACs COP 2,5 2,5
Existing roof's renovation costs (AU$/m?) 15,0 15,0

The cool roof refurbishment options

Two possible options are being considered for reducing energy loads by utilizing
cool technologies on the roof:

+ A metal roof with cool characteristics is installed on top of the existing roof
+ A cool coating is applied on the existing roof

Both options have the same energy efficiency, resulting in energy savings of
39,61 % for the Observatory weather conditions and of 37,41 % for the Richmond
conditions. The metal roof option has higher investment costs, but also a greater life
expectancy, namely of 28,5 vs. 22,5 years, as presented in Table 7.



The coating cool roof
option is the most
feasible one, resulting in
significant reductions of
life cycle costs, that vary
between 14,4 and 66,7 %,
depending on the weather
and energy price scenarios

Feasibility analysis results

The feasibility analysis has been carried out by four methods, namely Net Present
Value, Internal Rate of Return, Payback Period and Life Cycle Cost. Since the
implementation of cool roofs techniques is not a revenue generating investment,
the determining factor is the Life Cycle Cost, in the sense that the solution that
ensures its minimization is the most suitable one. As we are examining a retrofitting,
the Life Cycle Cost of the “Do nothing” scenario does not consider the construction
cost, but only a refurbishment of the existing roof after 15 years.

The analysis has been carried out for two electricity prices scenarios, one for a low
initial price of 150 AU$/MWh and one for a high, of 290 AU$/MWh. The results of the

Life Cycle Cost analysis are presented in Figure 12 for Observatory and Richmond
stations, respectively.

Life Cycle Costs for Building 01

Richmond High Energy Price
Richmond Low Energy Price
Obervatory Hills High Energy Price

Obervatory Hills Low Energy Price

lm

(=]

200.000 400.000 £00.000 800.000
AUS

® Coating Cool Roof W Metal Cool Roof B Do Nothing

Figure 12. Life Cycle Costs for Building 01 for Observatory and Richmond stations.

Table 8. Reduction of Life Cycle Costs, compared to the ‘Do Nothing' approach.

Reduction of Life  Observatory Richmond
Cycle Costs
Low Energy High Energy = Low Energy High Energy
Price Price Price Price
Metal Cool Roof 14,43 % 26,91 % 17,86 % 27,73 %
Coating Cool Roof 38,15 % 66,67 % 39,53 % 45,07 %

12



CONCLUSIONS

« It is estimated that both building-
scale and combined building-scale and
urban scale application of cool roof can
significantly reduce the cooling load
of the typical low-rise office building
without insulation during the summer
season.

* In the eleven weather stations in
Sydney, the building-scale application of
cool roofs can decrease the two summer
months total cooling load of the low-
rise office building from 25.8-34.3 kWh/
m2 to 17.6-23.7 kWh/m?. As computed,
the two summer months total cooling
load saving by building-scale application
of cool roofs is around 10.2-13.8 kWh/
m?2. This is equivalent to approximately
37.6-42.0 % total cooling load reduction
in reference with cool roof scenario
(scenario 1) compared to the reference
case scenario (See Table 1& Table 2 and
Figure 1 & Figure 2).

* In the eleven weather stations in
Sydney, the combined building-scale
and urban-scale application of cool roofs
is estimated to reduce the two summer
months total cooling by 14.9-17.4 kWh/
m2. This is equivalent to 50.3-63.7 % total
cooling load reduction in cool roof and
modified urban temperature scenario
(scenario 2) compared to the reference
scenario (See Table 1 & Table 2 and
Figure 2 & Figure 3).

* The annual cooling and heating
simulation using annual measured
weather data illustrates that the annual
heating penalty (1.1-2.5 kWh/m?) is
significantly lower than the annual
cooling load reduction (16.6-28.0 kWh/
m?). As calculated, the annual cooling
load saving by building-scale application
of cool roofs is around 35.6-46.0 %. The
annual total cooling and heating load
saving by building-scale application of
cool roofs ranges between 215.5-26.0
kWh/m? (~30.9-36.1 %) (Tables 3 and 4).

* During a typical summer week and
under free floating condition, the
indoor air temperature of the reference
scenario ranges between 24.8-48.6 °C
and 24.3-52.3 °C in Observatory and
Richmond stations, respectively. When
cool roofs are applied at a building
scale (scenario 1), the maximum indoor
temperature reduction is estimated
to be 10.1 and 11.4 °C in Observatory
and Richmond stations, respectively.
The indoor air temperature reduction
is foreseen to increase further to 11.2
and 12.0 °C by combined building-scale
and urban-scale application of cool
roofs (scenario 2) in Observatory and
Richmond stations, respectively (See
Figure 4, Figure 5, Figure 6 and Figure 7).

« During a typical summer week, the
ambient air temperature is predicted to
decrease from a range between 19.2 and
39.8 °C in reference scenario to a range
between 18.1 and 38.9 °Cin cool roof and
modified urban temperature scenario
(scenario 2) in Observatory station. The
ambient temperature reduction in cool
roof and modified urban temperature
scenario (scenario 2) compared to the
reference scenario is approximately
0.6-1.6 °C. Similarly, the ambient
temperature is predicted to decrease
from 17.2-44.7 °C in reference scenario
to 15.9-43.6 °C in cool roof and modified
urban temperature scenario (scenario
2) in Richmond station. The estimated
ambient temperature reduction is 0.7-
1.7 °C in Richmond station (See Figure 4
and Figure 6).

* During a typical winter week and under
free floating condition, the indoor air
temperature is expected to decrease
slightly from a range between 11.5-
28.0 °C in reference scenario to a range
between 11.1-26.1 °C in reference
with cool roof scenario (scenario 1) in
Observatory Hill station (See Figure 8).




Similarly, the indoor air temperature
is predicted to reduce from a range
between 7.9-27.5 °C in reference
scenario to a range between 7.5-25.8°C
in reference with cool roof scenario
(scenario 1) in Richmond station (See
Figure 8 and Figure 9).

* During a typical winter month and
under free floating condition, the average
maximum indoor air temperature
reduction by building-scale application
of cool roofs is predicted to be just 3.7°C
and 4.8 °Ciin Observatory and Richmond
stations, respectively. Positively,
temperature decrease happens mainly
during the non-heating period when
indoor temperature is higher than the
threshold (See Figure 10 and Figure 11).

+ During a typical winter month and under
free floating condition, the total number
of hours with an indoor air temperature
below 19 °C is predicted to increase
slightly from 377 hours in reference
scenario to 450 hours in reference
with cool roof scenario (scenario 1) in
Observatory station. The estimations
for Richmond stations also show a
slight increase in total number of hours
below 19 °C from 424 hours in reference
scenario to 494 hours in reference
with cool roof scenario (scenario 1).
The results show less increase in total
number hours below 19 °C between the
two scenarios (i.e. reference scenario
and reference with cool roof scenario
(scenario 1)) during operational hours of
the building. The number of hours below
19 °C during operational hours of the
building (i.e. Monday to Friday, 7 am-6
pm) is expected to increase from 97
hours in reference scenario to 139 hours
in reference with cool roof scenario
(scenario 1) in Observatory station.

Similarly, the calculation in Richmond
station shows aslightincrease of number
of hours below 19 °C from 113 hours to
159 hours during the operational hours
(See Table 5).

* During a typical summer month and
under free-floating condition, use of
cool roofs is predicted to significantly
decrease the number of hours above
26 °C. As computed, the number of
hours above 26 °C is 553 hours under
the reference scenario in Observatory
station, which decreases to 433 and
359 hours under the reference with
cool roof scenario (scenario 1) and cool
roof and modified urban temperature
scenario (scenario 2), respectively.
The simulations in Richmond station
also illustrate a significant reduction
in number of hours above 26 °C from
550 hours in reference scenario to 424
in reference with cool roof scenario
(scenario 1) and 390 hours in cool
roof and modified urban temperature
scenario (scenario 2), respectively (See
Table 6).

* As it can be deduced from the feasibility
analysis, the ‘Do Nothing’ approach
has clearly the highest cost over the
building’s life cycle. The coating cool
roof option is the most feasible one,
resulting in significant reductions of life
cycle costs, that vary between 14,4 and
66,7 %, depending on the weather and
energy price scenarios (Table 8). Building
01 is in that sense a very good example
of a cool roof’s contribution to drastically
reducing energy requirements and life
cycle costs in low-rise buildings with
poor energy performance.
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Floor area :1200m?
Number of stories 210

Image source: Ecipark Office Building. https://
jerseydigs.com/bayonne-city-council-approves-
10-story-building-975-broadway/

Note: building characteristics change with climate
zones

Reference scenario

Reference building as described in
Appendix with a conventional roof.
Use of two sets of climatic data
including one climatic data simulated
by Weather Research Forecast (WRF)
for the current condition for two
summer months and one measured
annual weather data.

BUILDING 02

HIGH-RISE OFFICE BUILDING WITHOUT

ROOF INSULATION

Scenario 1:
Reference with cool roof scenario

Same building as in the reference
scenario with a cool roof. Use of two
sets of climatic data including one
climatic data simulated by WRF for
the current condition for two summer
months and one measured annual
weather data.

Scenario 2:
Cool roof with modified urban
temperature scenario

Same building as in the reference
scenario with a cool roof. Use of
climatic data simulated by WRF
considering an extensive use of cool
roofs in the city.

Project name : Cool Roofs Cost Benefit Analysis Study
Project number : PRI-00004295

Date : 15 September 2021

Report contact : Prof Mattheos Santamouris
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9 Reference scenario, scenario 1, and scenario 2;
estimated for eleven weather stations in Sydney
using weather data simulated by WRF.

1

SENSIBLE AND TOTAL COOLING LOAD
FOR TWO SUMMER MONTHS UNDER

THREE SCENARIOS®

Table 1. Sensible and total cooling load for a typical high-rise office building without roof insulation for two summer
months (i.e. January and February) under three scenarios including reference scenario, reference with
cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario (scenario 2) with
weather data simulated by WRF for COP=1 for heating and cooling.

The building-scale
application of cool roofs
can decrease the two
summer months total
cooling load of the high-
rise office building withour
roof insulation from 19.3-
25.5 kWh/m? to 17.4-22.7
kWh/m?.

Stations Reference Scenario 1 Scenario 2
scenario Reference with Cool roof with
cool roof modified urban
scenario temperature
scenario
Sensible  Total Sensible  Total Sensible  Total
cooling cooling cooling cooling cooling cooling
(kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)
Sydney Airport  13.6 19.8 11.8 17.9 8.3 10.9
Terry Hill 15.3 20.1 13.1 17.8 1.4 14.4
Bankstown 17.3 22.8 15.4 20.7 12.4 14.8
Canterbury 14.5 20.5 12.6 18.6 9.9 13.0
Observatory 13.2 19.3 11.5 17.4 9.0 12.2
Richmond 21.8 25.5 19.1 22.7 17.0 19.0
Penrith 19.4 23.4 17.2 21.1 15.4 17.2
Horsley Park 18.6 22.9 16.4 20.6 14.4 16.6
Camden 19.7 23.1 17.6 20.8 15.4 16.8
Olympic Park 16.7 22.4 14.8 20.4 12.4 15.6
Campbelltown 18.2 22.4 16.1 20.2 13.9 15.8

Table 2. Sensible and total cooling load saving for a typical high-rise office building without roof insulation for
reference scenario versus reference with cool roof scenario (scenario 1), and reference scenario versus
cool roof with modified urban temperature scenario (scenario 2) for two summer months (i.e. January and
February) with weather data simulated by WRF for COP=1 for heating and cooling.

For Scenario 1, the total
cooling load saving is
around 1.9-2.8 kWh/m?
which is equivalent to 9.2-
11.1 % total cooling load
reduction.

For Scenario 2, the total
cooling load saving is
around 5.6-8.9 kWh/m?
which is equivalent to 25.6-
44.9 % of total cooling load
reduction.

Stations Reference scenario versus Reference scenario versus
Reference with cool roof Cool roof with modified urban
scenario (Scenario 1) temperature scenario

(Scenario 2)
Sensible cooling  Total cooling Sensible cooling  Total cooling
kWh/m? % kWh/m? % kWh/m? % kWh/m? %

Sydney Airport 1.8 12.9 1.9 9.7 53 39.0 8.9 44.9

Terry Hill 2.2 14.4 2.2 11.1 3.9 253 5.6 28.0

Bankstown 2.0 11.3 2.1 9.2 5.0 28.6 8.0 35.2

Canterbury 1.9 12.9 1.9 9.3 4.6 31.8 7.5 36.6

Observatory 1.7 13.1 1.9 10.0 4.2 32.0 7.1 36.7

Richmond 2.7 12.4 2.8 10.8 4.8 21.9 6.5 25.6

Penrith 2.2 11.3 23 99 4.1 21.0 6.1 26.3

Horsley Park 2.2 11.8 23 9.9 4.2 22.5 6.2 27.3

Camden 2.2 10.9 23 9.9 43 21.9 6.3 27.4

Olympic Park 1.9 11.5 2.1 9.2 43 259 6.8 30.5

Campbelltown 2.2 11.8 2.2 10.0 4.4 23.9 6.7 29.7




In the eleven weather
stations in Sydney, it

is estimated that both
building-scale and
combined building-
scale and urban scale
application of cool roofs

can significantly reduce the

cooling load of the typical
high-rise office building
without roof insulation

during the summer season.
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Figure 1. Spatial distribution of total cooling load for reference scenario for two summer months (i.e. January and
February) for a high-rise office building without insulation with weather data simulated by WRF for COP=1
for heating and cooling.
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Figure 2. Spatial distribution of total cooling load for reference with cool roof scenario (scenario 1) for two summer
months (i.e. Januray and February) for a high-rise office building without insulation with weather data

simulated by WRF for COP=1 for heating and cooling.
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Figure 3. Spatial distribution of total cooling load for cool roof with modified urban temperature scenario (scenario
2) for two summer months (i.e. January and February) for a high-rise office building without insulation with
weather data simulated by WRF for COP=1 for heating and cooling.
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Table 3. Annual cooling and heating loads for a high-rise office building without roof insulation for two scenarios
including reference scenario and reference with cool roof scenario (scenario 1) using annual measured
weather data for COP=1 for heating and cooling.

h / Ji Stations Reference Scenario 1

The annual coo ng scenario Reference with

and heating simulation cool roof scenario

usmg annual measured Annual Annual Annual Annual

weather data illustrates cooling load heating load cooling load heating load

that the Gnnual heat/ng (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)

penalty (0_2_0.5 kWh/mZ) Sensible Total Sensible Total Sensible Total Sensible Total

s Significantl)/ lower than Sydney Airport  27.5 36.1 0.5 1.2 25.2 334 0.6 1.4

the annual Coo//ng load Terry Hill 19.1 26.5 1.0 2.3 16.4 23.1 1.2 2.7

reduction (2.8-4.4 kWh/m?). Bankstown 322 412 10 2.6 288 375 13 2.9
Canterbury 25.9 34.1 1.0 2.7 23.1 30.9 1.2 3.1
Observatory 28.2 36.3 0.5 1.3 25.1 32.9 0.7 1.6
Richmond 36.3 46.2 1.5 3.7 32.5 41.9 1.7 4.1
Penrith 38.3 48.1 1.0 2.6 33.7 42.9 1.2 3.0
Horsley Park 31.8 39.0 1.1 2.8 27.7 34.6 1.4 3.2
Camden 30.9 37.6 1.7 4.4 27.2 33.7 2.1 4.9
Olympic Park 31.9 42.5 0.9 2.2 28.0 38.1 1.1 2.5
Campbelltown 29.9 35.9 1.6 3.9 26.1 31.8 1.9 4.4

Table 4. Annual cooling load saving, heating load penalty, and total cooling and heating saving for reference
scenario versus reference with cool roof scenario (scenario 1) for a high-rise office building without roof
insulation using annual measured weather data for COP=1 for heating and cooling.

Stations Annual Annual Annual total

The.annual CQO/ing load cooling load heating load cooling & heating load

saving by building-scale saving penalty saving

application of cool roofs is

GI’OUI’)d 7. 6-72.6 0/0. Sensible Total Sens. Total Sensible Total
KWh/m? % KWh/m? % kWh/m? kWh/m? % kWh/m? %

; Sydney Airport 23 85 28 76 01 02 22 79 26 69
The annual total cooling ydney Airpor

and heating load saving by Terry Hill 27 140 33 126 02 04 24 121 29 102
building-scale application Bankstown 33 104 38 92 02 03 31 94 34 78
of cool roofs ranges Canterbury 29 111 33 96 02 04 26 97 29 78

between 2.6-4.8

kWh/m? ("'6 9-10.2 %) Observatory 3.1 1.1 34 9.4 0.2 0.3 3.0 103 3.1 8.3

Richmond 3.8 10.5 4.3 9.4 0.2 0.4 3.5 9.4 3.9 7.9

Penrith 4.6 121 5.2 108 0.2 0.4 4.4 11.2 48 9.5

Horsley Park 4.1 128 44 11.2 03 0.4 3.8 11.6 4.0 9.5

Camden 3.7 11.8 3.9 10.5 0.3 0.5 3.4 103 35 8.3

Olympic Park 3.9 123 44 104 0.2 0.3 3.7 1.3 4.1 9.2

Campbelltown 3.8 126 4.0 11.2 03 0.5 3.5 11.0 3.6 9.0




¢ Reference scenario, scenario 1, and scenario

2; estimated for weather stations presenting

the lowest and highest ambient temperatures in
Sydney (i.e. Observatory Hill and Richmond) using
weather data simulated by WRF.

3

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL WARM PERIOD UNDER THREE
SCENARIOS®

During a typical summer
week, the ambient air
temperature is predicted
to decrease from a range
19.2-39.8 °C in reference
scenario to a range 18.1-
38.9 °Cin scenario 2 in
Observatory station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.6-1.6 °C compared to
the reference scenario in
Observatory station.
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Figure 4. Indoor air temperature and ambient temperature for three scenarios including reference scenario,

For scenario 2, the ambient
temperature is predicted to
decrease from 17.2-44.7°C
in reference scenario to
15.9-43.6°C in Richmond
station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.7-1.7 °C compared to
the reference scenario in
Richmond station.

reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a high-rise office building without insulation under free floating conditions during a typical
summer week in Observatory station using weather data simulated by WRF.
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Figure 5. Indoor air temperature and ambient temperature for three scenarios including reference scenario,

reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a high-rise office building without insulation under free floating conditions during a typical
summer week in Richmond station using weather data simulated by WRF.



Durlng a typlca/ summer Reference scenario vs scenario 1
week, the indoor air Reference scenario vs scenario 2
temperature of the ;5
reference scenario ranges 5
between 28.1-42.8 °C and 5
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Figure 6. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a high-rise office building without insulation under free-floating conditions during a typical summer
week in Observatory station using weather data simulated by WRF.
For Scenario 1 (building- 4

Scale) the maXimUm Reference scenario vs scenario 1
’

indoor temperature
reduction is estimated
tobe 2.1°Cand 2.3°Cin
Observatory and Richmond
stations, respectively.

Reference scenario vs scenario 2

[+ ]
1

For Scenario 2 (combined
building- and urban-scale),
the maximum indoor
temperature reduction
increases up to 3.1 and
3.3°Cin Observatory

and Richmond stations,
respectively.
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Figure 7. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a high-rise office building without insulation under free-floating conditions during a typical summer

week in Richmond station using weather data simulated by WRF.



d Reference scenario and scenario; estimated
for weather stations presenting the lowest and
highest ambient temperatures in Sydney (i.e.
Observatory Hill and Richmond) using annual
measured weather data.

4

INDOOR AIR

TEMPERATURE AND

AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL COLD PERIOD UNDER TWO

SCENARIOS?

During a typical winter
week, the indoor air
temperature is expected
to decrease slightly
from a range between
16.0 and 28.0°C in
reference scenario to a
range between 15.9 and
27.7 °Cin scenario 1 in
Observatory Hill station.
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Figure 8. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a high-rise office building without insulation under free-
floating condition during a typical winter week in Observatory station using annual measured weather data.

The indoor air temperature
is predicted to slighly
reduce from a range
between 14.0 and 27.4 °C
in reference scenario to a
range between 13.9 and
27.1°Cin scenario 1 in
Richmond station.

35

30+

4

Indoor air temp-Reference scenario
Indoor air temp-Scenario 1
Ambient temp.

25

20 A

15

4

10 +

Temperature (°C)

5

0 .
\
¥

N » %) »

T : T T T T
H
9 e A0 3;& A 3\:}-
Date

Ak »

Figure 9. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a high-rise office building without insulation under free-
floating condition during a typical winter week in Richmond station using annual measured weather data.



For Scenario 1, the average
maximum indoor air
temperature reduction by
building-scale application
of cool roofs is predicted to
be just 0.7 °Cand 0.9 °Cin
Observatory and Richmond
stations, respectively.

Indoor temp reduction-Reference scenario vs scenario 1 (°C)

15 20 25 30
Indoor temp-Reference scenario (°C)

Figure 10. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a high-rise office building without insulation under free-floating conditions during a typical
winter month in Observatory station using annual measured weather data.

Temperature decrease
mainly happens during the
non-heating period when
indoor temperature is
higher than the threshold.

Indoor temp reduction-Reference scenario vs scenario 1 (°C)

Indoor temp-Reference scenario (°C)

Figure 11. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a high-rise office building without insulation under free-floating conditions during a typical
winter month in Richmond station using annual measured weather data.
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NUMBER OF HOURS WITH INDOOR AIR
€ For free-floating condition in weather stations T E M P E RATU R E B E LOW /I 9 ° C D U RI N G
presentmgthe'lfwestanq highest ambient‘ A TYP | CAL CO |_ D P E R | O D AN D AB O\/E
it g i e e 26°C DURING A TYPICAL WARM PERIODE

Table 5. Number of hours with indoor air temperature below 19 °C in free-floating mode during a typical winter
month using annual measured weather data.

Stations Reference Scenario 1

During a typiCCl/ winter scenario Reference with )
month, the total number cool roof scenario
of hours with an indoor N .

. perational Total Operational Total
air temperature (<19 °C) hours* hours*
is predicted to slightly
. . Observatory 37 118 38 125
increase from 118 hours in
reference scenario to 125 Richmond 72 257 80 276
and hours andfrom 257 to * Operational hours of the building: Monday to Friday, 7 am-6 pm.

276 hours in scenario 1 in
Observatory and Richmond
stations, respectively.

The number operational
hours with air temperature
<19 °C during is expected
to slightly increase from 37
hours in reference scenario
to 38 hours; and from 72
to 80 hours in scenario 1 in
Observatory and Richmond
stations, respectively.

Table 6. Number of hours with indoor air temperature above 26 °C in free-floating mode during a typical summer
month using weather data simulated by WRF.

. . Stations Reference Scenario 1 Scenario 2
Durmg a typ/ca/ summer scenario Reference with Cool roof with
month, the total number cool roof scenario  modified urban
of hours with an indoor HERTEErE LTS

. scenario
air temperature (>26 °C)
is predicted to slightly Observatory 670 667 634

decrease from 670 hours
in reference scenario Richmond 653 637 614
to 667 and 634 hours
under scenario 1 and 2, in
Observatory station; and
from 653 hours in
reference scenario to

637 and 614 hours

under scenario 1 and

2 in Richmond station,
respectively.




ECONOMIC FEASIBILITY OF COOL ROOFS:
EVALUATION OF REFURBISHMENT

The ‘Do Nothing’ approach
has clearly the highest
cost over the building’s life
cycle.

Table 7.

Building 02 is a good
example of a cool roof’s
contribution to the
important, albeit not
dramatically reduced
energy requirements and
life cycle costs in high-rise
buildings with poor energy
performance.

The building and its energy performance

Building 02 is a high-rise office building, with a total air-conditioned area of 12.000
m? distributed on ten levels. The 1.200 m? roof is uninsulated, resulting in high
energy losses. Since the roof directly affects only the floor underneath, and only
indirectly burdens the other nine floors, the energy saving is comparatively limited.
The main features of the building's energy performance both for Observatory and
Richmond stations are presented in Table 7.

Energy performance features of Building 02.

Energy performance features Observatory Richmond
Energy consumption prior cool roof (MWh) 205,9 279,4
Energy consumption after cool roof (MWh) 185,3 252,5
Energy savings (MWh) 20,6 26,9
Energy savings (%) 10,0 % 9,63 %
Area (m?) 1.200 1.200
Roof costs - Metal roof (AU$/m?) 38,0 38,0
Roof costs - Coating (AU$/m?) 22,75 22,75
Life expectancy - Metal roof (years) 28,5 28,5
Life expectancy - Coating (years) 22,5 22,5
HVACs COP 2,5 2,5
Existing roof's renovation costs (AU$/m?) 15,0 15,0

The cool roof refurbishment options

Two possible options are being considered for reducing energy loads by utilizing
cool technologies on the roof:

+ A metal roof with cool characteristics is installed on top of the existing roof
+ A cool coating is applied on the existing roof

Both options have the same energy efficiency, resulting in energy savings of 10,00%
for the Observatory station and of 9,63% for the Richmond station. The metal roof
option has higher investment costs, but also a greater life expectancy, namely of
28,5 vs. 22,5 years, as presented in Table 7.



The coating cool roof
option is the most feasible
one, resulting in significant
reductions of life cycle
costs of on average 28%
for all weather and energy
prices scenarios.

Feasibility analysis results

The feasibility analysis has been carried out by four methods, namely Net Present
Value, Internal Rate of Return, Payback Period and Life Cycle Cost. Since the
implementation of cool roofs techniques is not a revenue generating investment,
the determining factor is the Life Cycle Cost, in the sense that the solution that
ensures its minimization is the most suitable one. As we are examining a retrofitting,
the Life Cycle Cost of the “Do nothing” scenario does not consider the construction
cost, but only a refurbishment of the existing roof after 15 years.

The analysis has been carried out for two electricity prices scenarios, one for a low
initial price of 150 AU$/MWh and one for a high, of 290 AU$/MWh. The results of the

Life Cycle Cost analysis are presented in Figure 12 for Observatory and Richmond
stations, respectively.

Life Cycle Costs for Building 02

Richmond High Energy Price
Richmond Low Energy Price
Obervatory Hills High Energy Price

Obervatory Hills Low Energy Price

0 500,000 1,000,000 1,500,000 2,000,000 2,500,000

AUS
B Coating Cool Roof B Metal Cool Roof B Do Nothing

Figure 12. Life Cycle Costs for Building 02 for Observatory and Richmond stations.

Table 8. Reduction of Life Cycle Costs, compared to the ‘Do Nothing' approach.

Reduction of Life  Observatory Richmond
Cycle Costs
Low Energy High Energy = Low Energy High Energy
Price Price Price Price
Metal Cool Roof 7,64 % 9,69 % 8,38 % 9,89 %
Coating Cool Roof 27,33 % 28,43 % 27,63 % 28,44 %
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CONCLUSIONS

* In the eleven weather stations in
Sydney, the total cooling load saving by
building-scale application of cool roofs
is around 1.9-2.8 kWh/m? for a typical
high rise office building without roof
insulation. This is equal to 9.2-11.1 %
cooling load reduction in reference with
cool roof scenario (scenario 1) compared
to reference scenario (See Table 1 and 2
and Figures 1 and 2).

* In the eleven weather stations in
Sydney, the combined building-scale
and urban-scale application of cool roofs
is projected to have significantly higher
impact on cooling load reduction of the
high-rise office building without roof
insulation. As estimated, the combined
building-scale and urban-scale
implementation of cool roofs can reduce
the total cooling load of the high-rise
office building without roof insulation
by 5.6-8.9 kWh/m?2. This is equivalent to
roughly 25.6-44.9 % lower total cooling
load under cool roof and modified
urban temperature scenario (scenario 2)
with respect to the reference scenario.
Overall, the cooling load reduction by
both building and combined building-
scale and urban scale application of
cool roofs is noticeable for the typical
high-rise office building without roof
insulation (See Table 1 and 2 and Figures
2 and 3).

« The annual cooling and heating
simulation using annual measured
weather data illustrate that the annual
heating penalty (0.2-0.5 kWh/m?) is
significantly lower than the annual
cooling load reduction (2.8-4.4 kWh/
m?). As calculated, the annual cooling
load saving by building-scale application
of cool roofs is around 7.6-12.6 %. The
annual total cooling and heating load
saving by building-scale application of
cool roofs ranges between 2.6-4.8 kWh/
m? (~6.9-10.2 %) (See Table 3 and 4).

* During a typical summer week and
under free floating condition, the indoor
airtemperature of the reference scenario
ranges between 28.1-42.8 °C and 28.5-
46.5 °C in Observatory and Richmond
stations, respectively. When cool roofs
are applied at a building scale (scenario
1), the maximum indoor temperature
reduction is estimated to be 2.1 and 2.3
°Cin Observatory and Richmond stations,
respectively. The indoor air temperature
reduction is foreseen to increase further
to 3.1 and 3.3 °C by combined building-
scale and urban-scale application of cool
roofs (scenario 2) in Observatory and
Richmond stations, respectively (See
Figures 4-7).

* During a typical summer week, the
ambient air temperature is predicted to
decrease from a range between 19.2 and
39.8 °C in reference scenario to a range
between 18.1 and 38.9 °Ciin cool roof and
modified urban temperature scenario
(scenario 2) in Observatory station. The
ambient temperature reduction in cool
roof and modified urban temperature
scenario (scenario 2) compared to the
reference scenario is approximately
0.6-1.6  °C. Similarly, the ambient
temperature is predicted to decrease
from 17.2-44.7 °C in reference scenario
to 15.9-43.6 °C in cool roof and modified
urban temperature scenario (scenario
2) in Richmond station. The estimated
ambient temperature reduction is 0.7-
1.7 °C in Richmond station (See Figures
4 and 6).

* During a typical winter week and under
free floating condition, the indoor air
temperature is expected to decrease
slightly from a range between 16.0 and
28.0 °C in reference scenario to a range
between 15.9 and 27.7 °C in reference
with cool roof scenario (scenario 1) in
Observatory Hill station (See Figure 8).




Similarly, the indoor air temperature
is predicted to reduce from a range
between 14.0 and 27.4 °C in reference
scenario to a range between 13.9 and
27.1 °C in reference with cool roof
scenario (scenario 1) in Richmond
station (See Figures 8 and 9).

* During a typical winter month and
under free floating condition, the average
maximum indoor air temperature
reduction by building-scale application
of cool roofs is predicted to be just 0.7 °C
and 0.9 °Cin Observatory and Richmond
stations, respectively. Positively,
temperature decrease happens mainly
during the non-heating period when
indoor temperature is higher than the
threshold (See Figures 10 and 11).

* During a typical winter month and under
free floating condition, the total number
of hours with an indoor air temperature
below 19 °C is predicted to increase
slightly from 118 hours in reference
scenario to 125 hours in reference
with cool roof scenario (scenario 1) in
Observatory station. The estimations
for Richmond stations also show a
slight increase in total number of hours
below 19 °C from 257 hours in reference
scenario to 276 hours in reference
with cool roof scenario (scenario 1).
The results show less increase in total
number hours below 19 °C between the
two scenarios (i.e. reference scenario
and reference with cool roof scenario
(scenario 1)) during operational hours of
the building. The number of hours below
19 °C during operational hours of the
building (i.e. Monday to Friday, 7 am-6
pm) is expected to increase from 37
hours in reference scenario to 38 hours
in reference with cool roof scenario
(scenario 1) in Observatory station.

Similarly, the calculation in Richmond
station shows a slight increase of
number of hours below 19 °C from 72
hours to 80 hours during the operational
hours (See Table 5).

* During a typical summer month and
under free-floating condition, use of
cool roofs is predicted to significantly
decrease the number of hours above
26 °C. As computed, the number of
hours above 26 °C is 670 hours under
the reference scenario in Observatory
station, which decreases to 667 and
634 hours under the reference with
cool roof scenario (scenario 1) and cool
roof and modified urban temperature
scenario (scenario 2), respectively.
The simulations in Richmond station
also illustrate a significant reduction
in number of hours above 26 °C from
653 hours in reference scenario to 637
in reference with cool roof scenario
(scenario 1) and 614 hours in cool
roof and modified urban temperature
scenario (scenario 2), respectively (See
Table 6).

* As it can be deduced from the feasibility
analysis, the ‘Do Nothing’ approach
has clearly the highest cost over the
building's life cycle. The coating cool roof
option is the most feasible one, resulting
in significant reductions of life cycle
costs of on average 28% for all weather
and energy prices scenarios, as it can be
seen in Table 12. Due to the building’s
typology and operational pattern,
the impact of the different weather
conditions is not so strong. Building 02
is in that sense a good example of a cool
roof's contribution to the important,
albeit not dramatically reduced energy
requirements and life cycle costs in
high-rise buildings with poor energy
performance.
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Floor area :1200m?
Number of stories 12

Image source: Ecipark Office Building. https://
jnmrad.com/21-delightful-two-story-building/
ecipark-office-building-two-story/

Note: building characteristics change with climate
zones

Reference scenario

Reference building as described in
Appendix with a conventional roof.
Use of two sets of climatic data
including one climatic data simulated
by Weather Research Forecast (WRF)
for the current condition for two
summer months and one measured
annual weather data.

BUILDING 03

NEW LOW-RISE OFFICE BUILDING WITH

ROOF INSULATION

Scenario 1:
Reference with cool roof scenario

Same building as in the reference
scenario with a cool roof. Use of two
sets of climatic data including one
climatic data simulated by WRF for
the current condition for two summer
months and one measured annual
weather data.
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Scenario 2:
Cool roof with modified urban
temperature scenario

Same building as in the reference
scenario with a cool roof. Use of
climatic data simulated by WRF
considering an extensive use of cool
roofs in the city.

Project name : Cool Roofs Cost Benefit Analysis Study
Project number : PRI-00004295

Date : 15 September 2021

Report contact : Prof Mattheos Santamouris
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9 Reference scenario, scenario 1, and scenario 2;
estimated for eleven weather stations in Sydney

using weather data simulated by WRF.

1

SENSIBLE AND TOTAL COOLING LOAD
FOR TWO SUMMER MONTHS UNDER
THREE SCENARIOS®

Table 1.

Sensible and total cooling load for a new low-rise office building with roof insulation for two summer
months (i.e. January and February) under three scenarios including reference scenario, reference with
cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario (scenario 2) with
weather data simulated by WRF for COP=1 for heating and cooling.

The building-scale
application of cool roofs
can decrease the two
summer months total
cooling load of the new
low-rise office building eith
roof insulation from 18.6-
24.6 kWh/m?to 17.5-22.9
kWh/m?.

Stations Reference Scenario 1 Scenario 2
scenario Reference with Cool roof with
cool roof modified urban
scenario temperature
scenario
Sensible  Total Sensible  Total Sensible  Total
cooling cooling cooling cooling cooling cooling
(kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)
Sydney Airport  12.7 19.1 1.7 18.0 8.3 11.0
Terry Hill 14.1 19.3 13.0 18.1 11.4 14.5
Bankstown 16.2 22.1 15.1 20.9 12.4 14.8
Canterbury 13.6 19.9 12.5 18.7 9.9 13.0
Observatory 12.4 18.6 11.4 17.5 9.0 12.3
Richmond 20.3 24.6 18.7 229 17.0 19.0
Penrith 18.4 22.7 171 21.3 15.4 17.3
Horsley Park 17.5 22.2 16.3 20.8 14.5 16.7
Camden 18.7 22.5 17.5 211 15.4 16.8
Olympic Park 15.7 21.9 14.5 20.6 12.4 15.6
Campbelltown 17.3 21.8 15.9 20.4 13.8 15.7

Table 2. Sensible and total cooling load saving for a new low-rise office building with roof insulation for reference
scenario versus reference with cool roof scenario (scenario 1), and reference scenario versus cool roof
with modified urban temperature scenario (scenario 2) for two summer months (i.e. January and February)
with weather data simulated by WRF for COP=1 for heating and cooling.

For Scenario 1, the total
cooling load saving is
around 1.1-1.7 kWh/m?
which is equivalent to 5.4-
6.9 % total cooling load
reduction.

For Scenario 2, the total
cooling load saving is
around 4.8-8.1 kWh/m?
which is equivalent to 24.9-
42.2% of total cooling load
reduction.

Stations Reference scenario versus Reference scenario versus
Reference with cool roof Cool roof with modified urban
scenario (Scenario 1) temperature scenario

(Scenario 2)
Sensible cooling  Total cooling Sensible cooling  Total cooling
kWh/m? % kWh/m? % kWh/m? % kWh/m? %

Sydney Airport 1.0 7.9 1.1 5.8 4.4 34.6 8.1 424

Terry Hill 1.1 7.8 1.2 6.2 2.7 19.1 4.8 24.9

Bankstown 1.1 6.8 1.2 5.4 3.8 235 7.3 33.0

Canterbury 1.1 8.1 1.2 6.0 3.7 27.2 6.9 34.7

Observatory 1.0 8.1 1.1 5.9 3.4 27.4 6.3 33.9

Richmond 1.6 7.9 1.7 6.9 33 16.3 5.6 22.8

Penrith 1.3 7.1 1.4 6.2 3.0 16.3 5.4 23.8

Horsley Park

1.2 6.9 1.4 6.3

3.0 17.1 5.5 24.8

Camden 1.2 6.4 1.4 6.2 33 17.6 5.7 253
Olympic Park 1.2 7.6 1.3 5.9 33 21.0 6.3 28.8
Campbelltown 1.4 8.1 1.4 6.4 3.5 20.2 6.1 28.0




In the eleven weather
stations in Sydney, the
combined building-

scale and urban-scale
application of cool roofs is
estimated to have higher
impact on the total cooling
load reduction of the new
low-rise office building with

roof insulation.
Figure 1. Spatial distribution of total cooling load for reference scenario for two summer months (i.e. January and
February) for a new low-rise office building with roof insulation with weather data simulated by WRF for
COP=1 for heating and cooling.
PP Dt
The building-scale

application of cool roofs
has a lower but still
noticeable impact on the
cooling load reduction
of the new low-rise

office building with roof
insulation.

Figure 2. Spatial distribution of total cooling load for reference with cool roof scenario (scenario 1) for two summer
months (i.e. Januray and February) for a new low-rise office building with roof insulation with weather data
simulated by WRF for COP=1 for heating and cooling.
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Figure 3. Spatial distribution of total cooling load for cool roof with modified urban temperature scenario (scenario
2) for two summer months (i.e. January and February) for a new low-rise office building with roof insulation
with weather data simulated by WRF for COP=1 for heating and cooling.
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Table 3. Annual cooling and heating loads for a new low-rise office building with roof insulation for two scenarios
including reference scenario and reference with cool roof scenario (scenario 1) using annual measured
weather data for COP=1 for heating and cooling.

. Stations Reference Scenario 1

The annual COO//ng scenario Reference with

and heating simulation cool roof scenario

usmg annual measured Annual Annual Annual Annual

weather data illustrates cooling load heating load cooling load heating load

that the annual heating (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)

penalty (0_ 0-0.3 kWh/mZ) Sensible Total Sensible Total Sensible Total Sensible Total

is significantl)/ lower than Sydney Airport  27.0 35.6 0.6 1.4 25.4 33.8 0.6 1.4

the annual cooling load Terry Hill 181 253 1.1 2.5 16.7 235 12 2.7

reduction (1.8-8.5 kWh/m?). Bankstown 312 405 14 3.0 292 383 14 3.2
Canterbury 25.1 335 1.3 3.1 23.5 31.6 1.3 3.3
Observatory 27.2 354 0.6 1.4 253 334 0.6 1.6
Richmond 35.5 45.7 1.9 4.2 33.0 42.8 2.0 4.5
Penrith 36.8 47.0 1.4 3.1 34.0 43.7 1.5 3.3
Horsley Park 30.5 38.0 1.5 3.3 28.0 35.3 1.6 3.5
Camden 30.0 36.9 2.2 5.0 27.8 34.4 2.4 5.3
Olympic Park 30.8 41.6 1.2 2.7 28.4 38.8 1.3 2.9
Campbelltown 34.6 41.0 2.0 4.5 26.7 32.5 2.2 4.7

Table 4. Annual cooling load saving, heating load penalty, and total cooling and heating saving for reference
scenario versus reference with cool roof scenario (scenario 1) for a new low-rise office building with roof
insulation using annual measured weather data for COP=1 for heating and cooling.

Stations Annual Annual Annual total

The.annual C.OO./ing load cooling load heating load cooling & heating load

saving by building-scale saving penalty saving

application of cool roofs is

GI’OUI’)d 5. 7_20' 7 0/0. Sensible Total Sens. Total Sensible Total
KWh/m? % KWh/m? % kWh/m? kWh/m? % kWh/m? %

; Sydney Airport 16 59 18 51 00 00 16 58 18 49
The annual total cooling ydney Airpor

and heatl'ng /Oad saving by Terry Hill 1.4 7.7 1.8 7.1 0.1 0.2 1.3 6.8 1.6 5.8
building-scale application Bankstown 20 64 22 54 00 02 20 61 20 46
of cool roofs ranges Canterbury 16 64 19 57 00 02 16 61 17 46

between 1.6 and 8.3

kWh/m? (~4 6-18.2 %) Observatory 19 7.0 2.0 5.6 0.0 0.1 1.9 6.7 1.9 5.2

Richmond 2.5 7.0 2.9 6.3 0.1 0.3 2.4 6.4 2.6 5.2

Penrith 2.8 7.6 3.3 7.0 0.1 0.2 2.7 7.1 3.1 6.2

Horsley Park 2.5 8.2 2.7 7.1 0.1 0.2 2.4 7.5 2.5 6.1

Camden 2.2 7.3 25 6.8 0.2 0.3 2.0 6.2 2.2 5.3

Olympic Park 2.4 7.8 2.8 6.7 0.1 0.2 2.3 7.2 2.6 5.9

Campbelltown 7.9 228 85 20.7 0.2 0.2 7.7 21.0 83 18.2




¢ Reference scenario, scenario 1, and scenario

2; estimated for weather stations presenting

the lowest and highest ambient temperatures in
Sydney (i.e. Observatory Hill and Richmond) using
weather data simulated by WRF.

3

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL WARM PERIOD UNDER THREE
SCENARIOS®

During a typical summer
week, the ambient air
temperature is predicted
to decrease from a range
19.2-39.8 °C in reference
scenario to a range 18.1-
38.9 °Cin scenario 2 in
Observatory station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.6-1.6 °C compared to
the reference scenario in
Observatory station.
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Figure 4. Indoor air temperature and ambient temperature for three scenarios including reference scenario,

For scenario 2, the ambient
temperature is predicted to
decrease from 17.2-44.7°C
in reference scenario to
15.9-43.6°C in Richmond
station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.7-1.7 °C compared to
the reference scenario in
Richmond station.

reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a new low-rise office building with roof insulation under free floating conditions during a
typical summer week in Observatory station using weather data simulated by WRF.
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Figure 5. Indoor air temperature and ambient temperature for three scenarios including reference scenario,

reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a new low-rise office building with roof insulation under free floating conditions during a
typical summer week in Richmond station using weather data simulated by WRF.



During a typical summer Reference scenario vs scenario 1
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Figure 6. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a new low-rise office building with roof insulation under free-floating conditions during a typical
summer week in Observatory station using weather data simulated by WRF.

For Scenario 1 (building-
scale), the maximum
indoor temperature
reduction is estimated
tobe 1.2°Cand 1.6 °Cin
Observatory and Richmond
stations, respectively.

Reference scenario vs scenario 1

Reference scenario vs scenario 2
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For Scenario 2 (combined
building- and urban-scale),
the maximum indoor
temperature reduction
increases up to 2.1 and
2.5°Cin Observatory

and Richmond stations,
respectively.
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Figure 7. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a new low-rise office building with roof insulation under free-floating conditions during a typical
summer week in Richmond station using weather data simulated by WRF.
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d Reference scenario and scenario; estimated
for weather stations presenting the lowest and
highest ambient temperatures in Sydney (i.e.
Observatory Hill and Richmond) using annual
measured weather data.

4

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL COLD PERIOD UNDER TWO

SCENARIOS?

During a typical winter
week, the indoor air
temperature is expected
to decrease slightly
from a range between
15.6 and 29.2 °Cin
reference scenario to a
range between 15.6 and
28.9°Cin scenario 1 in
Observatory Hill station.
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Figure 8. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new low-rise office building with roof insulation under
free-floating condition during a typical winter week in Observatory station using annual measured weather

The indoor air temperature
is predicted to reduce
from a range between 12.6
and 28.7 °C in reference
scenario to a range
between 12.5 and 28.4 °C
in scenario 1 in Richmond
station.
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Figure 9. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new low-rise office building with roof insulation under
free-floating condition during a typical winter week in Richmond station using annual measured weather

data.



For Scenario 1, the average
maximum indoor air
temperature reduction by
building-scale application
of cool roofs is predicted to
be just 0.5 °Cand 0.5 °Cin
Observatory and Richmond
stations, respectively.

Indoor temp reduction-Reference scenario vs scenario 1 (°C)

Indoor temp-Reference scenario (°C)

Figure 10. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a new low-rise office building with roof insulation under free-floating conditions during a
typical winter month in Observatory station using annual measured weather data.

Temperature decrease
mainly happens during the
non-heating period when
indoor temperature is
higher than the threshold.

Indoor temp reduction-Reference scenario vs scenario 1 (°C)

Indoor temp-Reference scenario (°C)

Figure 11. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a new low-rise office building with roof insulation under free-floating conditions during a
typical winter month in Richmond station using annual measured weather data.
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NUMBER OF HOURS WITH INDOOR AIR
€ For free-floating condition in weather stations T E M P E RATU R E B E LOW /I 9 ° C D U RI N G
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Table 5. Number of hours with indoor air temperature below 19 °C in free-floating mode during a typical winter
month using annual measured weather data.

Stations Reference Scenario 1

During a typiCCl/ winter scenario Reference with )
month, the total number cool roof scenario
of hours with an indoor N .
. . perational Total Operational Total

air temperature (<19 °C) is hours* hours*
predicted to increase from

. Observatory 41 147 45 245
147 hours in reference
scenario to 245 and hours Richmond 74 276 116 287
andfrom 276 to 287 * Operational hours of the building: Monday to Friday, 7 am-6 pm.

hours in scenario 1 in
Observatory and Richmond
stations, respectively.

The number operational
hours with air temperature
<19 °C during is expected
to slightly increase from

41 hours in reference
scenario to 45 hours; and
from 74 to 116 hours in
scenario 1 in Observatory
and Richmond stations,
respectively.

Table 6. Number of hours with indoor air temperature above 26 °C in free-floating mode during a typical summer
month using weather data simulated by WRF.

. . Stations Reference Scenario 1 Scenario 2
Durmg a typ/ca/ summer scenario Reference with Cool roof with
month, the total number cool roof scenario  modified urban
of hours with an indoor HERTEErE LTS

. scenario
air temperature (>26 °C)
is predicted to slightly Observatory 630 622 595

decrease from 630 hours
in reference scenario Richmond 658 652 613
to 622 and 595 hours
under scenario 1 and 2, in
Observatory station; and
from 658 hours in
reference scenario to

652 and 613 hours

under scenario 1 and

2 in Richmond station,
respectively.




Table 7.

ECONOMIC FEASIBILITY OF COOL ROOFS:
EVALUATION OF REFURBISHMENT

The building and its energy performance

Building 03 is a low-rise building, with a total air-conditioned area of 2.400 m?
distributed on two levels. The 1.200 m? roof is insulated, resulting in a good energy
performance of the building. Hence, even though the roof affects strongly the
building’s energy requirements, the latter are rather low leading, consequently,
to limited energy savings of an average of 5%. The main features of the building's
energy performance both for Observatory and Richmond stations are presented in
Table 7.

Energy performance features of Building 03.

The ‘Do Nothing’ approach
has a cost that is higher
than the Coating Cool Roof.
However, the Metal Cool
Roof leads in this case

to higher costs over the
building’s life cycle, due to
its higher initial investment
costs and the limited
savings.

The coating cool roof
option is the most feasible
one, resulting in reductions
of life cycle costs of
between 13,25 and 20,88%
for all weather and energy
prices scenarios (Table 8).

Energy performance features Observatory Richmond
Energy consumption prior cool roof (MWh) 353 47,9
Energy consumption after cool roof (MWh) 33,6 45,4
Energy savings (MWh) 1,7 2,5
Energy savings (%) 4,82% 5,22%
Area (m?) 1.200 1.200
Roof costs - Metal roof (AU$/m?) 38,0 38,0
Roof costs - Coating (AU$/m?) 22,75 22,75
Life expectancy - Metal roof (years) 28,5 28,5
Life expectancy - Coating (years) 22,5 22,5
HVACs COP 2,5 2,5
Existing roof's renovation costs (AU$/m?) 15,0 15,0

The cool roof refurbishment options

Two possible options are being considered for reducing energy loads by utilizing
cool technologies on the roof:

+ A metal roof with cool characteristics is installed on top of the existing roof
+ A cool coating is applied on the existing roof

Both options have the same energy efficiency, resulting in energy savings of 4,82%
for the Observatory station and of 5,22% for the Richmond station. The metal roof
option has higher investment costs, but also a greater life expectancy, namely of
28,5 vs. 22,5 years, as presented in Table 7.



Building 03 is a good
example of what happens
when cool roof is to be
applied in an already
insulated, energy efficient
building. In that case its
contribution is rather
limited and in order to be
feasible, one has to opt
for the least cost-intensive
investment, i.e. the
coatings, which are even
under these conditions an
attractive option.

Feasibility analysis results

The feasibility analysis has been carried out by four methods, namely Net Present
Value, Internal Rate of Return, Payback Period and Life Cycle Cost. Since the
implementation of cool roofs techniques is not a revenue generating investment,
the determining factor is the Life Cycle Cost, in the sense that the solution that
ensures its minimization is the most suitable one. As we are examining a retrofitting,
the Life Cycle Cost of the “Do nothing” scenario does not consider the construction
cost, but only a refurbishment of the existing roof after 15 years.

The analysis has been carried out for two electricity prices scenarios, one for a low
initial price of 150 AU$/MWh and one for a high, of 290 AU$/MWh. The results of the
Life Cycle Cost analysis are presented in Figure 12 for Observatory and Richmond
stations, respectively.

Life Cycle Costs for Building 03

Richmond High Energy Price
Richmond Low Energy Price
Obervatory Hills High Energy Price

Obervatory Hills Low Energy Price

0 50,000 100,000 150,000 200,000 250,000 300,000 350,000 400,000

m Coating Cool Roof ~ m Metal Cool Roof  ® Do Nothing

Figure 12. Life Cycle Costs for Building 03 for Observatory and Richmond stations.

Table 8. Reduction of Life Cycle Costs, compared to the ‘Do Nothing’ approach.

Reduction of Life  Observatory Richmond

Cycle Costs
Low Energy High Energy = Low Energy High Energy
Price Price Price Price

Metal Cool Roof - - -- --

Coating Cool Roof 13,25 % 18,90 % 16,58 % 20,83 %
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CONCLUSIONS

* In the eleven weather stations in
Sydney, the building scale application of
cool roofs can reduce the total cooling
load of a new low-rise office building
with roof insulation by 1.1-1.7 kWh/
m? (~5.4-6.9%) (See Table 1 and 2 and
Figures 1 and 2).

* In the eleven weather stations in
Sydney, the combined building-scale
and urban-scale application of cool
roofs is estimated to have higher impact
on the total cooling load reduction
of the new low-rise office building
with roof insulation. As projected, the
combined building-scale and urban-
scale implementation of cool roofs will
reduce the cooling load of a typical low-
rise office building with roof insulation
by up to 4.8-8.1 kWh/m2. This is equal
to around 24.9-42.2% cooling load
reduction in cool roof and modified
urban temperature scenario (scenario 2)
compared to the reference scenario (See
Table 1 and 2 and Figures 2 and 3).

« Overall, the simulation results
demonstrate that the combined building-
scale and urban scale implementation
of cool roofs is an efficient method to
lower the cooling loads of the new low-
rise office building with roof insulation.
The building-scale application of cool
roofs has a lower but still noticeable
impact on the cooling load reduction of
the new low-rise office building with roof
insulation.

« The annual cooling and heating
simulation using annual measured
weather data illustrate that the annual
heating penalty (0-0.3 kWh/m?) is
significantly lower than the annual
cooling load reduction (1.8-8.5 kWh/
m2). As calculated, the annual cooling
load saving by building-scale application
of cool roofs is around 5.1-20.7 %. The
annual total cooling and heating load
saving by building-scale application of

cool roofs ranges between 1.6 and 8.3
kWh/m? (~4.6-18.2%) (See Table 3 and 4).

+ During a typical summer week and
under free floating condition, the indoor
airtemperature of the reference scenario
ranges between 27.1-43.1 °C and 27.3-
47 °C in Observatory and Richmond
stations, respectively. When cool roofs
are applied at a building scale (scenario
1), the maximum indoor temperature
reduction is estimated to be 1.2 and 1.6
°Cin Observatory and Richmond stations,
respectively. The indoor air temperature
reduction is foreseen to increase further
to 2.1 and 2.5 °C by combined building-
scale and urban-scale application of cool
roofs (scenario 2) in Observatory and
Richmond stations, respectively (See
Figures 4-7).

* During a typical summer week, the
ambient air temperature is predicted to
decrease from a range between 19.2 and
39.8 °C in reference scenario to a range
between 18.1 and 38.9 °Ciin cool roof and
modified urban temperature scenario
(scenario 2) in Observatory station. The
ambient temperature reduction in cool
roof and modified urban temperature
scenario (scenario 2) compared to the
reference scenario is approximately
0.6-1.6  °C. Similarly, the ambient
temperature is predicted to decrease
from 17.2-44.7 °C in reference scenario
to 15.9-43.6 °C in cool roof and modified
urban temperature scenario (scenario
2) in Richmond station. The estimated
ambient temperature reduction is 0.7-
1.7 °C in Richmond station (See Figures
4 and 6).

* During a typical winter week and under
free floating condition, the indoor air
temperature is expected to decrease
slightly from a range between 15.6 and
29.2 °C in reference scenario to a range
between 15.6 and 28.9 °C in reference
with cool roof scenario (scenario 1) in




Observatory Hill station (See Figure 8).
Similarly, the indoor air temperature
is predicted to reduce from a range
between 12.6 and 28.7 °C in reference
scenario to a range between 12.5 and
28.4 °C in reference with cool roof
scenario (scenario 1) in Richmond
station (See Figures 8 and 9).

* During a typical winter month and
under free floating condition, the average
maximum indoor air temperature
reduction by building-scale application
of cool roofs is predicted to be just 0.5 °C
and 0.5 °C in Observatory and Richmond
stations, respectively. Positively,
temperature decrease happens mainly
during the non-heating period when
indoor temperature is higher than the
threshold (See Figures 10 and 11).

* During a typical winter month and under
free floating condition, the total number
of hours with an indoor air temperature
below 19 °C is predicted to increase
slightly from 147 hours in reference
scenario to 245 hours in reference
with cool roof scenario (scenario 1) in
Observatory station. The estimations
for Richmond stations also show a
slight increase in total number of hours
below 19 °C from 276 hours in reference
scenario to 287 hours in reference
with cool roof scenario (scenario 1).
The results show less increase in total
number hours below 19 °C between the
two scenarios (i.e. reference scenario
and reference with cool roof scenario
(scenario 1)) during operational hours of
the building. The number of hours below
19 °C during operational hours of the
building (i.e. Monday to Friday, 7 am-6
pm) is expected to increase from 41
hours in reference scenario to 45 hours
in reference with cool roof scenario
(scenario 1) in Observatory station.
Similarly, the calculation in Richmond
station shows aslightincrease of number
of hours below 19 °C from 74 hours to

116 hours during the operational hours
(See Table 5).

* During a typical summer month and
under free-floating condition, use of
cool roofs is predicted to significantly
decrease the number of hours above
26 °C. As computed, the number of
hours above 26 °C is 630 hours under
the reference scenario in Observatory
station, which decreases to 622 and
595 hours under the reference with
cool roof scenario (scenario 1) and cool
roof and modified urban temperature
scenario (scenario 2), respectively.
The simulations in Richmond station
also illustrate a significant reduction
in number of hours above 26 °C from
658 hours in reference scenario to 652
in reference with cool roof scenario
(scenario 1) and 613 hours in cool
roof and modified urban temperature
scenario (scenario 2), respectively (See
Table 6).

* As it can be deduced from the feasibility
analysis, the ‘Do Nothing’ approach has
a cost that is higher than the Coating
Cool Roof. However, the Metal Cool Roof
leads in this case to higher costs over
the building's life cycle, due to its higher
initial investment costs and the limited
savings. The coating cool roof option
is the most feasible one, resulting in
reductions of life cycle costs of between
13,25 and 20,88% for all weather and
energy prices scenarios, as it can be seen
in Table 8. Building 03 is in that sense a
good example of what happens when
cool roof is to be applied in an already
insulated, energy efficient building.
In that case its contribution is rather
limited and in order to be feasible, one
has to opt for the least cost-intensive
investment, i.e. the coatings, which
are even under these conditions an
attractive option.
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Floor area :1200m?
Number of stories 210

Image source: Ecipark Office Building. https://
jerseydigs.com/bayonne-city-council-approves-
10-story-building-975-broadway/

Note: building characteristics change with climate
zones

Reference scenario

Reference building as described in
Appendix with a conventional roof.
Use of two sets of climatic data
including one climatic data simulated
by Weather Research Forecast (WRF)
for the current condition for two
summer months and one measured
annual weather data.

BUILDING 04

NEW HIGH-RISE OFFICE BUILDING WITH

ROOF INSULATION

Scenario 1:
Reference with cool roof scenario

Same building as in the reference
scenario with a cool roof. Use of two
sets of climatic data including one
climatic data simulated by WRF for
the current condition for two summer
months and one measured annual
weather data.

Scenario 2:
Cool roof with modified urban
temperature scenario

Same building as in the reference
scenario with a cool roof. Use of
climatic data simulated by WRF
considering an extensive use of cool
roofs in the city.

Project name : Cool Roofs Cost Benefit Analysis Study
Project number : PRI-00004295

Date : 15 September 2021

Report contact : Prof Mattheos Santamouris



https://jerseydigs.com/bayonne-city-council-approves-10-story-building-975-broadway/
https://jerseydigs.com/bayonne-city-council-approves-10-story-building-975-broadway/
https://jerseydigs.com/bayonne-city-council-approves-10-story-building-975-broadway/

CONTENTS

1 Sensible and total cooling load for two summer month

under three scenarios 3

N

Annual cooling and heating load under two scenarios 5

w

Indoor air temperature and ambient temperature for free-floating

condition during a typical warm period under three scenarios 6
4 Indoor air temperature and ambient temperature for free-floating
condition during a typical cold period under two scenarios 8

5 Number of hours with indoor air temperature below 19°C during

a typical cold period and above 26°C during a typical warm period 10

(@)

Economic Feasibility of cool roofs: Evaluation of refurbishment 1M

7 Conclusions 13

FIGURES

Figure 1. Spatial distribution of total cooling load for reference scenario for two summer months 4
Figure 2. Spatial distribution of total cooling load for reference with cool roof scenario (scenario 1)

for two summer months 4
Figure 3. Spatial distribution of total cooling load for cool roof with modified urban temperature

scenario (scenario 2) for two summer months 4
Figure 4. Indoor air temperature and ambient temperature for three scenarios during a typical

summer week in Observatory station 6
Figure 5. Indoor air temperature and ambient temperature for three scenarios during a typical

summer week in Richmond station 6
Figure 6. Indoor temperature difference between reference scenario versus reference with cool

roof scenario (scenario 1) & reference scenario versus cool roof with modified urban

temperature scenario (scenario 2) during a typical summer week in Observatory station 7
Figure 7. Indoor temperature difference between reference scenario versus reference with cool

roof scenario (scenario 1) & reference scenario versus cool roof with modified urban

temperature scenario (scenario 2) during a typical summer week in Richmond station 7
Figure 8. Indoor air temperature and ambient temperature for two scenarios during a typical

winter week in Observatory station 8
Figure 9. Indoor air temperature and ambient temperature for two scenarios during a typical

winter week in Richmond station 8
Figure 10. Indoor air temperature difference between reference scenario vs reference with cool

roof scenario (scenario 1) during a typical winter month in Observatory station 9
Figure 11. Indoor air temperature difference between reference scenario vs reference with cool

roof scenario (scenario 1) during a typical winter month in Richmond station 9

Figure 12. Life Cycle Costs for Building 04 for Observatory and Richmond stations 12



9 Reference scenario, scenario 1, and scenario 2;
estimated for eleven weather stations in Sydney
using weather data simulated by WRF.

1

SENSIBLE AND TOTAL COOLING LOAD
FOR TWO SUMMER MONTHS UNDER
THREE SCENARIOS®

Table 1.

Sensible and total cooling load for a typical new high-rise office building with roof insulation for two
summer months (i.e. January and February) under three scenarios including reference scenario, reference
with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario (scenario 2)
with weather data simulated by WRF for COP=1 for heating and cooling.

The building-scale
application of cool roofs
can decrease the two
summer months total
cooling load of the new
high-rise office building
with roof insulation from
18.1-23.7 kWh/m? to 17.8-
23.4 kWh/m>.

Stations Reference Scenario 1 Scenario 2
scenario Reference with Cool roof with
cool roof modified urban
scenario temperature
scenario
Sensible  Total Sensible  Total Sensible  Total
cooling cooling cooling cooling cooling cooling
(kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)
Sydney Airport  12.4 18.6 12.2 18.4 8.6 1.3
Terry Hill 13.7 18.6 13.4 18.3 11.8 14.9
Bankstown 15.9 21.5 15.6 21.2 12.8 15.2
Canterbury 13.2 19.3 13.0 19.1 10.3 134
Observatory 12.0 18.1 11.8 17.8 9.3 12.6
Richmond 19.8 23.7 19.5 23.4 17.5 19.5
Penrith 17.9 21.9 17.7 21.6 15.8 17.7
Horsley Park 17.0 21.4 16.8 21.1 14.8 17.0
Camden 18.2 21.6 17.9 21.4 15.8 17.2
Olympic Park 15.4 21.2 15.1 209 12.8 16.1
Campbelltown 16.7 21.0 16.4 20.7 14.3 16.2

Table 2. Sensible and total cooling load saving for a typical new high-rise office building with roof insulation for
reference scenario versus reference with cool roof scenario (scenario 1), and reference scenario versus
cool roof with modified urban temperature scenario (scenario 2) for two summer months (i.e. January and
February) with weather data simulated by WRF for COP=1 for heating and cooling.

For Scenario 1, the total
cooling load saving is
around 0.2-0.3 kWh/m?
which is equivalent to 0.9-
1.7 % total cooling load
reduction.

For Scenario 2, the total
cooling load saving is
around 3.7-7.3 kWh/m?
which is equivalent to 19.9-
39.2% of total cooling load
reduction.

Stations Reference scenario versus Reference scenario versus
Reference with cool roof Cool roof with modified urban
scenario (Scenario 1) temperature scenario

(Scenario 2)
Sensible cooling  Total cooling Sensible cooling  Total cooling
kWh/m? % kWh/m? % kWh/m? % kWh/m? %

Sydney Airport 0.2 1.6 0.2 1.1 3.8 30.6 7.3 39.2

Terry Hill 0.3 2.2 0.3 1.6 1.9 13.9 3.7 19.9

Bankstown 0.3 1.9 0.3 1.4 3.1 19.5 6.3 29.3

Canterbury 0.2 1.5 0.2 1.0 2.9 22.0 5.9 30.6

Observatory 0.2 1.7 0.3 1.7 2.7 22.5 5.5 30.4

Richmond 0.3 1.5 0.3 1.3 2.3 11.6 4.2 17.7

Penrith 0.2 1.1 0.3 1.4 2.1 11.7 4.2 19.2

Horsley Park 0.2 1.2 0.3 1.4 2.2 12.9 4.4 20.6

Camden 0.3 1.6 0.2 0.9 2.4 13.2 4.4 20.4

Olympic Park 0.3 1.9 0.3 1.4 2.6 16.9 5.1 24.1

Campbelltown

0.3 1.8 0.3 1.4

2.4 14.4 4.8 22.9




In the eleven weather
stations in Sydney, the
combined building-
scale and urban scale
application of cool roofs
can reduce the cooling
load of the new high-rise
office building with roof
insulation during the
summer season.
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Spatial distribution of total cooling load for reference scenario for two summer months (i.e. January and
February) for a new high-rise office building with insulation with weather data simulated by WRF for COP=1
for heating and cooling.

Figure 1.

Overall, the simulation
results indicate that the
cooling load reductions
by cool roofs can be
significant if they are
implemented at an urban
scale.
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Figure 2. Spatial distribution of total cooling load for reference with cool roof scenario (scenario 1) for two summer
months (i.e. Januray and February) for a new high-rise office building with insulation with weather data
simulated by WRF for COP=1 for heating and cooling.
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Figure 3. Spatial distribution of total cooling load for cool roof with modified urban temperature scenario

(scenario
2) for two summer months (i.e. January and February) for a new high-rise office building with insulation
with weather data simulated by WRF for COP=1 for heating and cooling.
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Table 3. Annual cooling and heating loads for a new high-rise office building with roof insulation for two scenarios
including reference scenario and reference with cool roof scenario (scenario 1) using annual measured
weather data for COP=1 for heating and cooling.

. Stations Reference Scenario 1

The annual COO//ng scenario Reference with

and heating simulation cool roof scenario

usmg annual measured Annual Annual Annual Annual

weather data illustrates cooling load heating load cooling load heating load

that the Gnnual heating (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)

penalty (0_0_0.7 kWh/mZ) Sensible Total Sensible Total Sensible Total Sensible Total

is Significantl)/ lower than Sydney Airport  26.2 34.7 0.2 0.7 26.0 34.4 0.2 0.7

the annual Coo//ng load Terry Hill 17.1 24.1 0.6 1.7 16.8 23.7 0.6 1.8

reduction (0.3-0.7 kWh/m?). Bankstown 300 389 07 2.0 296 385 07 2.1
Canterbury 24.1 322 0.7 2.1 23.8 31.9 0.7 2.1
Observatory 26.3 34.4 0.2 0.8 26.0 34.0 0.2 0.8
Richmond 33.7 43.5 1.2 3.2 33.3 43.0 1.2 3.2
Penrith 34.8 44.7 0.7 2.1 343 44.0 0.8 2.2
Horsley Park 28.8 36.0 0.8 2.2 28.4 355 0.8 2.3
Camden 28.4 35.1 1.4 3.8 28.0 34.6 1.4 3.8
Olympic Park 29.2 39.6 0.6 1.8 28.8 39.1 0.6 1.8
Campbelltown 27.3 33.1 1.2 33 26.8 32.7 1.3 3.3

Table 4. Annual cooling load saving, heating load penalty, and total cooling and heating saving for reference
scenario versus reference with cool roof scenario (scenario 1) for a new high-rise office building with roof
insulation using annual measured weather data for COP=1 for heating and cooling.

Stations Annual Annual Annual total

The.annual CQO/ing load cooling load heating load cooling & heating load

saving by building-scale saving penalty saving

application of cool roofs is

GI’OUI’)d 0. 9_7.7 %. Sensible Total Sens. Total Sensible Total
KWh/m? % KWh/m? % kWh/m? kWh/m? % kWh/m? %

i Sydney Airport 02 08 03 09 00 00 02 08 03 08
The annual total cooling ydney Airpor

and heatl'ng /Oad saving by Terry Hill 0.3 1.8 0.4 1.7 0.0 0.1 0.3 1.7 0.3 1.2
building-scale application Bankstown 04 13 04 10 00 01 04 13 03 07
of cool roofs ranges Canterbury 03 12 03 09 00 00 03 12 03 09

between 0.3 and 0.6

kWh/m? (~0 7.1.3 %) Observatory 0.3 1.1 0.4 1.2 0.0 0.0 0.3 1.1 0.4 1.1

Richmond 0.4 1.2 0.5 1.1 0.0 0.0 0.4 1.1 0.5 1.1

Penrith 0.5 1.4 0.7 1.6 0.1 0.1 0.4 1.1 0.6 1.3

Horsley Park 0.4 1.4 0.5 1.4 0.0 0.1 0.4 1.4 0.4 1.0

Camden 0.4 1.4 0.5 1.4 0.0 0.0 0.4 1.3 0.5 1.3

Olympic Park 0.4 1.4 0.5 1.3 0.0 0.0 0.4 1.3 0.5 1.2

Campbelltown 0.5 1.8 0.4 1.2 0.1 0.0 0.4 1.4 0.4 1.1




¢ Reference scenario, scenario 1, and scenario

2; estimated for weather stations presenting

the lowest and highest ambient temperatures in
Sydney (i.e. Observatory Hill and Richmond) using
weather data simulated by WRF.

3

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL WARM PERIOD UNDER THREE
SCENARIOS®

During a typical summer
week, the ambient air
temperature is predicted
to decrease from a range
19.2-39.8 °C in reference
scenario to a range 18.1-
38.9 °Cin scenario 2 in
Observatory station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.6-1.6 °C compared to
the reference scenario in
Observatory station.
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Figure 4. Indoor air temperature and ambient temperature for three scenarios including reference scenario,

For scenario 2, the ambient
temperature is predicted to
decrease from 17.2-44.7°C
in reference scenario to
15.9-43.6°C in Richmond
station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.7-1.7 °C compared to
the reference scenario in
Richmond station.

reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a new high-rise office building with insulation under free floating conditions during a typical
summer week in Observatory station using weather data simulated by WRF.

60
" Indor air lemp-Reference scenano
554 T Indoor air temp-Scenaric 1
1 Indoor if lemp-Seanario 2
504 Ambient temg-Refenance scenarie & scenan 1
O 45
-l 45
o ]
5 404
g ]
a 354
E |
= 304
25+
20
15 T T T T T T ¥ T A T oy
ev 0 ev 0 P o P
'\ o "\ N\ A ¥ ABT
Date

Figure 5. Indoor air temperature and ambient temperature for three scenarios including reference scenario,

reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a new high-rise office building with insulation under free floating conditions during a typical
summer week in Richmond station using weather data simulated by WRF.



During a typical summer
week, the indoor air
temperature of the
reference scenario ranges
between 28.5-41.8 °C and
29.1-45.7 °C in Observatory
and Richmond stations,

respectively.

Reference scenario vs scenario 1

Reference scenario vs scenario 2
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Figure 6. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2)for a new high-rise office building with insulation under free-floating conditions during a typical summer
week in Observatory station using weather data simulated by WRF.

For Scenario 1 (building-
scale), the maximum
indoor temperature
reduction is estimated
tobe 0.2°Cand 0.3°Cin
Observatory and Richmond
stations, respectively.

For Scenario 2 (combined
building- and urban-scale),
the maximum indoor
temperature reduction
increases up to 1.4 and
1.5°C in Observatory

and Richmond stations,

respectively.
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Figure 7. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a new high-rise office building with insulation under free-floating conditions during a typical summer
week in Richmond station using weather data simulated by WRF.
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Figure 8. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new high-rise office building with insulation under free-
floating condition during a typical winter week in Observatory station using annual measured weather data.
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Figure 9. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new high-rise office building with insulation under free-
floating condition during a typical winter week in Richmond station using annual measured weather data.



For Scenario 1, the average
maximum indoor air
temperature reduction by

building-scale application e " )
of cool roofs is predicted to . '

be just 0.1 °C and 0.1 °C in G W

Observatory and Richmond | - s .y ar"

stations, respectively.
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Figure 10. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a high-rise office building without insulation under free-floating conditions during a typical
winter month in Observatory station using annual measured weather data.

Temperature decrease
mainly happens during the
non-heating period when
indoor temperature is
higher than the threshold.
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Figure 11. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a high-rise office building without insulation under free-floating conditions during a typical
winter month in Richmond station using annual measured weather data.
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NUMBER OF HOURS WITH INDOOR AIR
€ For free-floating condition in weather stations T E M P E RATU R E B E LOW /I 9 ° C D U RI N G
presentmgthe'lfwestanq highest ambient‘ A TYP | CAL CO |_ D P E R | O D AN D AB O\/E
it g i e e 26°C DURING A TYPICAL WARM PERIODE

Table 5. Number of hours with indoor air temperature below 19 °C in free-floating mode during a typical winter
month using annual measured weather data.

Stations Reference Scenario 1

During a typiCCl/ winter scenario Reference with )
month, the total number cool roof scenario
of hours with an indoor N .

. perational Total Operational Total
air temperature (<19 °C) hours* hours*
is predicted to slightly
. . Observatory 21 67 22 70
increase from 67 hours in
reference scenario to 70 Richmond 65 225 82 226
and hours andfrom 225to * Operational hours of the building: Monday to Friday, 7 am-6 pm.

226 hours in scenario 1 in
Observatory and Richmond
stations, respectively.

The number operational
hours with air temperature
<19 °C during is expected
to slightly increase from 21
hours in reference scenario
to 22 hours; and from 65
to 82 hours in scenario 1 in
Observatory and Richmond
stations, respectively.

Table 6. Number of hours with indoor air temperature above 26 °C in free-floating mode during a typical summer
month using weather data simulated by WRF.

. . Stations Reference Scenario 1 Scenario 2
Durmg a typ/ca/ summer scenario Reference with Cool roof with
month, the total number cool roof scenario  modified urban
of hours with an indoor HERTEErE LTS

. scenario
air temperature (>26 °C)
is predicted to slightly Observatory 672 672 657

decrease from 672 hours
in reference scenario Richmond 661 659 634
to 672 and 657 hours
under scenario 1 and 2, in
Observatory station; and
from 661 hours in
reference scenario to

656 and 634 hours

under scenario 1 and

2 in Richmond station,
respectively.




ECONOMIC FEASIBILITY OF COOL ROOFS:
EVALUATION OF REFURBISHMENT

The ‘Do Nothing’ approach
has a cost that is higher
than the Coating Cool Roof
for all weather and energy
prices scenarios, resulting
in reductions of life cycle
costs of between 20,4 and
34,4 %.

Table 7.

The Metal Cool Roof is

also a feasible option,
except for the scenario

of Richmond weather
conditions and low energy
prices, due to its higher
initial investment costs. The
coating cool roof option is
clearly the most feasible
one.

The building and its energy performance

Building 04 is a new, high-rise building, with a total air-conditioned area of 12.000 m?
distributed on ten levels. The 1.200 m?roof is insulated, resulting in a good energy
performance of the building. In addition, the fact that the roof affects strongly only
the building's last floor further limits the energy savings’ potential, to 17,6% for
Observatory station and to 1,1% for Richmond station. The main features of the
building’s energy performance both for Observatory and Richmond stations are
presented in Table 7.

Energy performance features of Building 04.

Energy performance features Observatory Richmond
Energy consumption prior cool roof (MWh) 202,6 224,2
Energy consumption after cool roof (MWh) 167,0 221,8
Energy savings (MWh) 35,6 2,4
Energy savings (%) 17.57% 1,07%
Area (m?) 1.200 1.200
Roof costs - Metal roof (AU$/m?) 38,0 38,0
Roof costs - Coating (AU$/m?) 22,75 22,75
Life expectancy - Metal roof (years) 28,5 28,5
Life expectancy - Coating (years) 22,5 22,5
HVACs COP 2,5 2,5
Existing roof's renovation costs (AU$/m?) 15,0 15,0

The cool roof refurbishment options

Two possible options are being considered for reducing energy loads by utilizing
cool technologies on the roof:

+ A metal roof with cool characteristics is installed on top of the existing roof
+ A cool coating is applied on the existing roof

Both options have the same energy efficiency, resulting in energy savings of 17,57%
for the Observatory weather conditions and of 1,07% for the Richmond conditions.
The metal roof option has higher investment costs, but also a greater life expectancy,
namely of 28,5 vs. 22,5 years, as presented in Table 7.



Building 04 is a good
example of what happens
when cool roof is to be
applied in an already
insulated, energy efficient
high-rise building. Its
contribution is rather
limited, but it is still
positive and feasible, in
particular when using the
less cost-intensive cool
coating option.

Feasibility analysis results

The feasibility analysis has been carried out by four methods, namely Net Present
Value, Internal Rate of Return, Payback Period and Life Cycle Cost. Since the
implementation of cool roofs techniques is not a revenue generating investment,
the determining factor is the Life Cycle Cost, in the sense that the solution that
ensures its minimization is the most suitable one. As we are examining a retrofitting,
the Life Cycle Cost of the “Do nothing” scenario does not consider the construction
cost, but only a refurbishment of the existing roof after 15 years.

The analysis has been carried out for two electricity prices scenarios, one for a
low initial price of 150 AU$/MWh and one for a high, of 290 AU$/MWh. The results
of the Life Cycle Cost analysis are presented in Figure 12 for Observatory and for
Richmond stations, respectively.

Life Cycle Costs for Building 04

Richmond High Energy Price
Richmond Low Energy Price
Obervatory Hills High Energy Price

Obervatory Hills Low Energy Price

o

400,000 800,000 1,200,000 1,600,000

B Coating Cool Roof B Metal Cool Roof B Do Nothing

Figure 12. Life Cycle Costs for Building 04 for Observatory and Richmond stations.

Table 8. Reduction of Life Cycle Costs, compared to the ‘Do Nothing' approach.

Reduction of Life  Observatory Richmond
Cycle Costs
Low Energy High Energy  Low Energy High Energy
Price Price Price Price
Metal Cool Roof 15,03 % 17,16 % - 0,99 %
Coating Cool Roof 33,28 % 34,44 % 20,44 % 21,40 %
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CONCLUSIONS

* In the eleven weather stations in
Sydney, the building-scale application
of cool roofs is predicted to reduce
the cooling load of new high-rise office
building with roof insulation by 0.2-0.3
kWh/m? (~ 0.9-1.7%) (See Table 1 and
2 and Figures 1 and 2). The combined
building-scale and urban-scale
application of cool roofs is foreseen to
have a significant contribution to cooling
load reduction. It is estimated that the
cooling load of cool roof with modified
urban temperature scenario (scenario 2)
is around 3.7-7.3 kWh/m? (~19.9-39.2%)
lower than the reference scenario (See
Table 1 and 2 and Figures 2 and 3) .
Overall, the simulation results indicate
that the cooling load reductions by
cool roofs can be significant if they are
implemented at an urban scale.

* The annual cooling and heating
simulation using annual measured
weather data illustrate that the annual
heating penalty (0-0.1 kWh/m?) is lower
than the annual cooling load reduction
(0.3-0.7 kWh/m?). As calculated, the
annual cooling load saving by building-
scale application of cool roofs is around
0.9-1.7%. The annual total cooling and
heating load saving by building-scale
application of cool roofs ranges between
0.3 and 0.6 kWh/m? (~0.7-1.3%) (See
Table 3 and 4).

+ During a typical summer week and
under free floating condition, the indoor
airtemperature of the reference scenario
ranges between 28.5-41.8 °C and 29.1-
45.7 °C in Observatory and Richmond
stations, respectively. When cool roofs
are applied at a building scale (scenario
1), the maximum indoor temperature
reduction is estimated to be 0.2 and 0.3
°Cin Observatory and Richmond stations,
respectively. The indoor air temperature
reduction is foreseen to increase further
to 1.4 and 1.5 °C by combined building-
scale and urban-scale application of cool

roofs (scenario 2) in Observatory and
Richmond stations, respectively (See
Figures 4-7).

* During a typical summer week, the
ambient air temperature is predicted to
decrease from a range between 19.2 and
39.8 °C in reference scenario to a range
between 18.1 and 38.9 °Ciin cool roof and
modified urban temperature scenario
(scenario 2) in Observatory station. The
ambient temperature reduction in cool
roof and modified urban temperature
scenario (scenario 2) compared to the
reference scenario is approximately
0.6-1.6  °C. Similarly, the ambient
temperature is predicted to decrease
from 17.2-44.7 °C in reference scenario
to 15.9-43.6 °C in cool roof and modified
urban temperature scenario (scenario
2) in Richmond station. The estimated
ambient temperature reduction is 0.7-
1.7 °C in Richmond station (See Figures
4 and 6).

* During a typical winter week and under
free floating condition, the indoor air
temperature is expected to remain
almost the same in reference scenario
and reference with cool roof scenario
(scenario 1) in Observatory Hill and
Richmond stations (See Figures 8 and 9).

* During a typical winter month and
under free floating condition, the
maximum indoor air temperature
reduction by building-scale application
of cool roofs is predicted to be just 0.1 °C
and 0.1 °Cin Observatory and Richmond
stations, respectively. Positively,
temperature decrease happens mainly
during the non-heating period when
indoor temperature is higher than the
threshold (See Figures 10 and 11).

+ During a typical winter month and
under free floating condition, the total
number of hours with an indoor air
temperature below 19 °C is predicted




to increase slightly from 67 hours
in reference scenario to 70 hours
in reference with cool roof scenario
(scenario 1) in Observatory station. The
estimations for Richmond stations also
show a slight increase in total number
of hours below 19 °C from 225 hours
in reference scenario to 226 hours
in reference with cool roof scenario
(scenario 1). Also, the number of hours
below 19 °C during operational hours
of the building (i.e. Monday to Friday,
7 am-6 pm) is expected to increase
from 21 hours in reference scenario
to 22 hours in reference with cool roof
scenario (scenario 1) in Observatory
station. Similarly, the calculation in
Richmond station shows a slightincrease
of number of hours below 19 °C from 65
hours to 82 hours during the operational
hours (See Table 5).

+ During a typical summer month
and under free-floating condition,
the number of hours above 26 °C in
reference with cool scenario (scenario
1) is predicted to remain the same as
the reference scenario in Observatory
station. The combined building-scale
and urban-scale application of cool
roofs is predicted to reduce the total
number of hours above 26 °C from 672
hours to 657 hours. The simulations
in Richmond station also illustrate a
significant reduction in number of
hours above 26 oC from 661 hours in
reference scenario to 659 in reference
with cool roof scenario (scenario 1) and
634 hours in cool roof and modified
urban temperature scenario (scenario
2), respectively (See Table 6).

* As it can be deduced from the
feasibility analysis, despite the limited
energy saving potential, the ‘Do Nothing’
approach has a cost that is higher than
the Coating Cool Roof for all weather
and energy prices scenarios, resulting in
reductions of life cycle costs of between
20,4 and 34,4 % as it can be seen in
Table 8. The Metal Cool Roof is also a
feasible option, except for the scenario
of Richmond weather conditions and
low energy prices, due to its higher initial
investment costs. The coating cool roof
option is clearly the most feasible one.
Building 04 is in that sense a good example
of what happens when cool roof is to be
applied in an already insulated, energy
efficient high-rise building. Its contribution
is rather limited, but it is still positive and
feasible, in particular when using the less
cost-intensive cool coating option.
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Floor area :1100m?
Number of stories 12

Image source: Westfield Tea Tree Plaza, Tea Tree

Plaza 976 North East Rd, Modbury, Tea Tree Gully,

South Australia 5092, Australia

Note: building characteristics change with climate
zones

Reference scenario

Reference building as described in
Appendix with a conventional roof.
Use of two sets of climatic data
including one climatic data simulated
by Weather Research Forecast (WRF)
for the current condition for two
summer months and one measured
annual weather data.

BUILDING 05

NEW LOW-RISE SHOPPING MALL CENTRE

Scenario 1:
Reference with cool roof scenario

Same building as in the reference
scenario with a cool roof. Use of two
sets of climatic data including one
climatic data simulated by WRF for
the current condition for two summer
months and one measured annual
weather data.

Scenario 2:
Cool roof with modified urban
temperature scenario

Same building as in the reference
scenario with a cool roof. Use of
climatic data simulated by WRF
considering an extensive use of cool
roofs in the city.

Project name : Cool Roofs Cost Benefit Analysis Study
Project number : PRI-00004295

Date : 15 September 2021

Report contact : Prof Mattheos Santamouris
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1

SENSIBLE AND TOTAL COOLING LOAD
FOR TWO SUMMER MONTHS UNDER
THREE SCENARIOS®

9 Reference scenario, scenario 1, and scenario 2;
estimated for eleven weather stations in Sydney
using weather data simulated by WRF.

Table 1. Sensible and total cooling load for a new low-rise shopping mall centre without roof insulation for two

summer months (i.e. January and February) under three scenarios including reference scenario, reference
with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario (scenario 2)
with weather data simulated by WRF for COP=1 for heating and cooling.

he buildi / Stations Reference Scenario 1 Scenario 2

The building-scale scenario Reference with Cool roof with

app//cat/on of cool I’OOfS cool roof modified urban

d the t scenario temperature
can aecrease tne two SEErErE
summer months total
i Sensible  Total Sensible  Total Sensible  Total

COO/H?g loa‘f" Of th'e I?GW cooling cooling cooling cooling cooling cooling

low-rise office building (kWh/m?)  (kWh/m?) (kKWh/m?) (KWh/m?) (kWh/m?) (kWh/m?)

from 76.6-83.0 kWh/m? to Sydney Airport  52.7 80.0 51.2 78.4 47.0 61.8

74.8-80.6 kWh/m?. Terry Hill 55.7 76.6 54.0 74.8 51.7 653
Bankstown 58.1 80.2 56.6 78.5 52.9 63.2
Canterbury 54.0 79.3 52.5 77.8 48.9 63.7
Observatory 52.3 79.1 50.8 77.5 48.1 65.3
Richmond 67.0 83.0 64.8 80.6 61.8 69.5
Penrith 62.9 79.1 61.0 771 58.1 65.9
Horsley Park 61.2 78.6 59.4 76.6 53.5 62.6
Camden 63.7 77.9 61.9 75.9 58.4 64.0
Olympic Park 57.2 80.4 55.5 78.6 52.9 66.6
Campbelltown 60.6 77.9 58.8 75.9 55.5 63.5

Table 2. Sensible and total cooling load saving for a new low-rise shopping mall centre without roof insulation for
reference scenario versus reference with cool roof scenario (scenario 1), and reference scenario versus
cool roof with modified urban temperature scenario (scenario 2) for two summer months (i.e. January and
February) with weather data simulated by WRF for COP=1 for heating and cooling.

. Stations Reference scenario versus Reference scenario versus
For Scenario 1, the total Reference with cool roof Cool roof with modified urban
coo/ing load saving is scenario (Scenario 1) temperature scenario
around 1.5-2.4 kWh/m? —
which is equiva/ent to 1.9- Sensible cooling  Total cooling Sensible cooling  Total cooling
2.9 % of total cooling load KWh/m? % KWh/m? % KWh/m? % KWh/m? %
reduction. Sydney Airport 1.5 2.8 1.6 2.0 5.7 108 182 228
Terry Hill 1.7 3.1 1.8 23 4.0 7.2 1.3 14.8
For Scenario 2, the total Bankstown 1.5 2.6 1.7 2.1 5.2 9.0 17.0 21.2
cooling load saving is Canterbury 1.5 2.8 1.5 1.9 5.1 9.4 15.6 19.7
around 11.3-18.2 kWh/m? Observatory 1.5 29 1.6 2.0 4.2 8.0 138 174
which is equiva/ent to 14.8- Richmond 2.2 3.3 2.4 2.9 5.2 7.8 13.5 16.3
22.8 % total cooling load Penrith 1.9 3.0 2.0 25 4.8 7.6 132 167
reduction. Horsley Park 1.8 2.9 2.0 2.5 7.7 12.6 16.0 20.4
Camden 1.8 2.8 2.0 2.6 5.3 8.3 13.9 17.8
Olympic Park 1.7 3.0 1.8 2.2 4.3 7.5 13.8 17.2

Campbelltown

1.8 3.0 2.0 2.6

5.1 8.4 14.4 18.5




Bax Hill

Lol |

In the eleven weather
stations in Sydney, the
combined building-

scale and urban-scale
application of cool roofs
can reduce the cooling
load of the new low-rise
shopping mall centre
with insulation during the
summer season.
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Figure 1. Spatial distribution of total cooling load for reference scenario for two summer months (i.e. January and
February) for new low-rise shopping mall centre with weather data simulated by WRF for COP=1 for
heating and cooling.

Figure 2. Spatial distribution of total cooling load for reference with cool roof scenario (scenario 1) for two summer
months (i.e. January and February) for new low-rise shopping mall centre with weather data simulated by
WREF for COP=1 for heating and cooling.

Low : 61.8

7 — o - I W g
Figure 3. Spatial distribution of total cooling load for cool roof with modified urban temperature scenario (scenario
2) for two summer months (i.e. January and February) for a new low-rise shopping mall centre with weather

data simulated by WRF for COP=1 for heating and cooling.
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Table 3. Annual cooling and heating loads for a new low-rise shopping mall centre for two scenarios including
reference scenario and reference with cool roof scenario (scenario 1) using annual measured weather
data for COP=1 for heating and cooling.

h / Ji Stations Reference Scenario 1

The annual coo ng scenario Reference with

and heating simulation cool roof scenario

usmg annual measured Annual Annual Annual Annual

Weather data ///ustrates cooling load heating load cooling load heating load

that the annual heating (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)

penalty (0_0_0.7 kWh/mZ) Sensible Total Sensible Total Sensible Total Sensible Total

is Significantl)/ lower than Sydney Airport 182.2 233.4 0.7 1.5 177.8 228.8 0.7 1.6

the annual Coo//ng load Terry Hill 1543 2127 1.2 3.2 1485 2063 1.2 33

reduction (4.6-7.6 kWh/m?). Bankstown 182.9 2280 1.6 43 177.6 2224 16 44
Canterbury 1682 2134 14 4.2 163.2  208.1 1.5 4.3
Observatory 182.5 224.7 0.7 1.5 177.2 219.1 0.7 1.6
Richmond 186.0 235.0 2.5 6.9 179.9 228.5 2.5 6.9
Penrith 195.5 245.9 1.7 4.5 188.3 238.3 1.7 4.6
Horsley Park 180.5 219.4 1.8 4.7 173.6 212.1 1.8 4.8
Camden 172.6 2071 2.9 8.2 166.4 200.5 29 8.3
Olympic Park 186.5 242.5 1.4 3.7 179.9 235.5 1.4 3.7
Campbelltown 170.5 202.8 2.6 6.9 164.0 196.0 2.6 7.0

Table 4. Annual cooling load saving, heating load penalty, and total cooling and heating saving for reference
scenario versus reference with cool roof scenario (scenario 1) for new low-rise shopping mall centre using
annual measured weather data for COP=1 for heating and cooling.

Stations Annual Annual Annual total

The.annual CQO/ing load cooling load heating load cooling & heating load

saving by building-scale saving penalty saving

application of cool roofs is

GI’OUI’)d 2' 0_3'4 %. Sensible Total Sens. Total Sensible Total
KWh/m? % KWh/m? % kWh/m? kWh/m? % kWh/m? %

i Sydney Airport 44 24 46 20 00 01 44 24 45 19
The annual total cooling ydney Airpor

and heatl'ng load saving by Terry Hill 5.8 3.8 6.4 3.0 0.0 0.1 5.8 3.7 6.3 2.9
building-scale application Bankstown 53 29 56 25 00 01 53 29 55 24
of cool roofs ranges Canterbury 50 30 53 25 01 01 49 29 52 24
between 4.5 and 7.5 kWh/

Observator 5.3 2.9 5.6 2.5 0.0 0.1 5.3 2.9 5.5 2.4
m? (~1.9-3.2 %). Y

Richmond 6.1 3.3 6.5 2.8 0.0 0.0 6.1 3.2 6.5 2.7

Penrith 7.2 3.7 7.6 3.1 0.0 0.1 7.2 3.7 7.5 3.0

Horsley Park 6.9 3.8 7.3 3.3 0.0 0.1 6.9 3.8 7.2 3.2

Camden 6.2 3.6 6.6 3.2 0.0 0.1 6.2 3.5 6.5 3.0

Olympic Park 6.6 3.5 7.0 2.9 0.0 0.0 6.6 3.5 7.0 2.8

Campbelltown 6.5 3.8 6.8 34 0.0 0.1 6.5 3.8 6.7 3.2




¢ Reference scenario, scenario 1, and scenario

2; estimated for weather stations presenting

the lowest and highest ambient temperatures in
Sydney (i.e. Observatory Hill and Richmond) using
weather data simulated by WRF.

3

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-

FLOATING

CONDITION DURING A

TYPICAL WARM PERIOD UNDER THREE
SCENARIOS®

During a typical summer
week, the ambient air
temperature is predicted
to decrease from a range
19.2-39.8 °C in reference
scenario to a range 18.1-
38.9 °in scenario 2 in
Observatory station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.6-1.6 °C compared to
the reference scenario in
Observatory station.
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Figure 4. Indoor air temperature and ambient temperature for three scenarios including reference scenario,
reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for new low-rise shopping mall centre under free floating conditions during a typical summer
week in Observatory station using weather data simulated by WRF.

For scenario 2, the ambient
temperature is predicted to
decrease from 17.2-44.7°C
in reference scenario to
15.9-43.6°C in Richmond
station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.7-1.7 °C compared to
the reference scenario in
Richmond station.
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Figure 5. Indoor air temperature and ambient temperature for three scenarios including reference scenario,
reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a new low-rise shopping mall centre under free floating conditions during a typical summer
week in Richmond station using weather data simulated by WRF.



During a typical summer
week, the indoor air
temperature of the
reference scenario ranges
between 27.1-48.8 °C and
27.2-53.2 °C in Observatory
and Richmond stations,
respectively.
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Figure 6. Indoor temperature difference between reference scenario versus reference with cool roof scenario

For Scenario 1 (building-
scale), the maximum
indoor temperature
reduction is estimated

to be 0.5°Cand 0.8°Cin
Observatory and Richmond
stations, respectively.

For Scenario 2 (combined
building- and urban-scale),
the maximum indoor
temperature reduction
increases up to 1.8°C

and 2.1°C in Observatory
and Richmond stations,
respectively.

(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a new low-rise shopping mall centre under free-floating conditions during a typical summer week in
Observatory station using weather data simulated by WRF.
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Figure 7. Indoor temperature difference between reference scenario versus reference with cool roof scenario

(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a new low-rise shopping mall centre under free-floating conditions during a typical summer week in
Richmond station using weather data simulated by WRF.
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INDOOR AIR TEMPERATURE AND

AMBIENT TEMPERATURE FOR FREE-
e s oo eaed - FLOATING CONDITION DURING A
highestambierjt tengraturesgin Sydney(i,e. TYP | CAL CO |_ D P E Rl O D U N D E R TWO
obsenaten i mdehmend el g CENARIO S

40
During q l'yp/CG/ winter Indoar Air Temp. Reference scenario
Week, the indoor air 35 Indoor Air Temp. Scenario 1
temperature is expected aollcd Sl S
to decrease slightly from —~ 304
a range 14.7-32.8°C in e
reference scenario to ey
a range 14.6-32.5°Cin 2
scenario 1 in Observatory o
Hill station. = &

i
15
10 4
5 : T Y T T T X T T T
FE  EF P L R e e

Date

Figure 8. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new low-rise shopping mall centre under free-floating
condition during a typical winter week in Observatory station using annual measured weather data.
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Figure 9. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new low-rise shopping mall centre under free-floating
condition during a typical winter week in Richmond station using annual measured weather data.



For Scenario 1, the average
maximum indoor air
temperature reduction by
building-scale application
of cool roofs is predicted to
be just 0.3 °C and 0.4°C in
Observatory and Richmond
stations, respectively.
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Figure 10. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a new low-rise shopping mall centre under free-floating conditions during a typical winter
month in Observatory station using annual measured weather data.

Temperature decrease
mainly happens during the
non-heating period when
indoor temperature is
higher than the threshold.
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Figure 11. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a new low-rise shopping mall centre under free-floating conditions during a typical winter
month in Richmond station using annual measured weather data.
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NUMBER OF HOURS WITH INDOOR AIR
€ For free-floating condition in weather stations T E M P E RATU R E B E LOW /I 9 ° C D U RI N G
presentmgthe'lfwestanq highest ambient‘ A TYP | CAL CO |_ D P E R | O D AN D AB O\/E
it g i e e 26°C DURING A TYPICAL WARM PERIODE

Table 5. Number of hours with indoor air temperature below 19 °C in free-floating mode during a typical winter
month using annual measured weather data.

Stations Reference Scenario 1

During a typica/ winter scenario Reference with
month, the total number cool roof scenario
of hours with an indoor N .

. perational Total Operational Total
air temperature (<19 °C) hours* hours*
is predicted to slightly
. . Observatory 18 131 18 134
increase from 131 hours in
reference scenario to 134 Richmond 51 253 53 257
hOUfS, andfrom 253to * Operational hours of the building: Monday to Friday, 7 am-6 pm.

257 hours in scenario 1 in
Observatory and Richmond
stations, respectively.

The number operational
hours with air temperature
<19 °C during nearly
remain the same in
reference scenario
compared to scenario 1 in
Observatory; and slightly
increased from 51 to 53
hours in Richmond station.

Table 6. Number of hours with indoor air temperature above 26 °C in free-floating mode during a typical summer
month using weather data simulated by WRF.

. . Stations Reference Scenario 1 Scenario 2
Durmg a typ/ca/ summer scenario Reference with Cool roof with
month, the total number cool roof scenario  modified urban
of hours with an indoor HERTEErE LTS

. scenario
air temperature (>26 °C)
is predicted to slightly Observatory 669 668 611

decreased from 669 hours
in reference scenario Richmond 641 639 619
to 668 and 611 hours
under scenario 1 and 2 in
Observatory station; and
from 641 hours in
reference scenario to

639 and 619 hours
under scenario 1 and

2 in Richmond station,
respectively.




ECONOMIC FEASIBILITY OF COOL ROOFS:
EVALUATION OF REFURBISHMENT

The ‘Do Nothing’ approach
has a cost that is always
higher than that of the
Cool Roofs.

Table 7.

Building 05 is a good
example of what happens
when a cool roof is to

be applied in an already
insulated, energy efficient
low-rise building. Its
contribution is not
dramatic, but given the
impact the roof has on the
building’s cooling loads,
especially the Coating Cool
roof is very appealing.

The building and its energy performance

Building 05 is a new, low-rise shopping mall building, with a total air-conditioned
area of 2.200 m? distributed on two levels. The 1.100 m? roof is insulated, resulting in
a good energy performance of the building, hence leading to a very modest energy
savings’ potential due to the cool roof of no more than 2.7%. The main features of
the building's energy performance both for Observatory and Richmond stations are
presented in Table 7.

Energy performance features of Building 05.

Energy performance features Observatory Richmond
Energy consumption prior cool roof (MWh) 199,0 2129
Energy consumption after cool roof (MWh) 194,2 207,2
Energy savings (MWh) 4,8 57
Energy savings (%) 2,41% 2,68%
Area (m?) 1.100 1.100
Roof costs - Metal roof (AU$/m?) 38,0 38,0
Roof costs - Coating (AU$/m?) 22,75 22,75
Life expectancy - Metal roof (years) 28,5 28,5
Life expectancy - Coating (years) 22,5 22,5
HVACs COP 2,5 2,5
Existing roof's renovation costs (AU$/m?) 15,0 15,0

The cool roof refurbishment options

Two possible options are being considered for reducing energy loads by utilizing
cool technologies on the roof:

+ A metal roof with cool characteristics is installed on top of the existing roof
+ A cool coating is applied on the existing roof

Both options have the same energy efficiency, resulting in almost identical energy
savings of 2,41 % for the Observatory weather conditions and of 2,68 % for the
Richmond conditions. The metal roof option has higher investment costs, but also a
greater life expectancy, namely of 28,5 vs. 22,5 years, as presented in Table 7.



The Coating Cool Roof is
for all weather and energy
prices scenarios the most
feasible option, resulting
in reductions of life cycle
costs of between 28,1 and
29,1% (Table 8).

The Metal Cool Roof
presents marginally
acceptable results. In

the case of this specific
building, due to its typology
and operational profile

the impact of weather
differences between
Observatory and Richmond
is limited.

Feasibility analysis results

The feasibility analysis has been carried out by four methods, namely Net Present
Value, Internal Rate of Return, Payback Period and Life Cycle Cost. Since the
implementation of cool roofs techniques is not a revenue generating investment,
the determining factor is the Life Cycle Cost, in the sense that the solution that
ensures its minimization is the most suitable one. As we are examining a retrofitting,
the Life Cycle Cost of the “Do nothing” scenario does not consider the construction
cost, but only a refurbishment of the existing roof after 15 years.

The analysis has been carried out for two electricity prices scenarios, one for a low
initial price of 150 AU$/MWh and one for a high, of 290 AU$/MWh. The results of the
Life Cycle Cost analysis are presented in Figure 12 for Observatory and Richmond
weather conditions, respectively.

Life Cycle Costs for Building 05

Richmaond High Energy Price
Richmond Low Fnergy Price

Obervatory Hills High Energy Price

Obervatory Hills Low Energy Price

0 400,000 800,000 1,200,000 1,600,000
B Coating Cool Roof 8 Metal Cool Roof B Do Nothing
Figure 12. Life Cycle Costs for Building 05 for Observatory and Richmond stations.
Table 8. Reduction of Life Cycle Costs, compared to the ‘Do Nothing' approach.
Reduction of Life  Observatory Richmond
Cycle Costs
Low Energy High Energy  Low Energy High Energy
Price Price Price Price
Metal Cool Roof 0,37 % 2,26 % 0,89 % 2,66 %
Coating Cool Roof 21,43 % 22,44 % 21,78 % 22,72 %
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CONCLUSIONS

* In the eleven weather stations in
Sydney, the combined building-scale
and urban scale application of cool
roofs can reduce the cooling load of
the new low-rise shopping mall centre
during the summer season. Overall,
the simulation results indicate that the
cooling load reductions by cool roofs can
be significant if they are implemented at
an urban scale.

* In the eleven weather stations in
Sydney, the total cooling load of a typical
low-rise shopping mall centre under
the reference scenario is approximately
76.6 and 83 kWh/m?, which reduces to
a range between 74.8 and 80.6 kWh/m?
under Reference with cool roof scenario
(scenario 1). As computed, the total
cooling load saving by building-scale
application of cool roofs is around 1.5-
2.4 kWh/m? (~ 1.9-2.9%) (See Table 1 and
2 and Figures 1 and 2).

* In the eleven weather stations in
Sydney, the total cooling load of low-
rise shopping mall centre is estimated
to be around 11.3-18.2 kWh/m? lower
under cool roof with modified urban
temperature scenario (scenario  2)
compared to the reference scenario. This
is equivalent to 14.8-22.8% total cooling
load saving by combined building-scale
and urban-scale application of cool roof.

« The annual cooling and heating
simulation using annual measured
weather data illustrate that the annual
heating penalty (0-0.1 kWh/m?) is
significantly lower than the annual
cooling load reduction (4.6-7.6 kWh/m2).
As calculated, the annual cooling load
saving by building-scale application of
cool roofs is around 2-3.4%. The annual
total cooling and heating load saving by
building-scale application of cool roofs
ranges between 4.5 and 7.5 kWh/m?
(~1.9-3.2%) (See Table 3 and 4).

+ During a typical summer week and
under free floating condition, the indoor
airtemperature of the reference scenario
ranges between 27.1-48.8 °C and 27.2-
53.2 °C in Observatory and Richmond
stations, respectively. When cool roofs
are applied at a building scale (scenario
1), the maximum indoor temperature
reduction is estimated to be 0.5 and 0.8
°Cin Observatory and Richmond stations,
respectively. The indoor air temperature
reduction is foreseen to increase further
to 1.8 and 2.1 °C by combined building-
scale and urban-scale application of cool
roofs (scenario 2) in Observatory and
Richmond stations, respectively (See
Figures 4-7).

* During a typical summer week, the
ambient air temperature is predicted to
decrease from a range between 19.2 and
39.8 °C in reference scenario to a range
between 18.1 and 38.9 °Ciin cool roof and
modified urban temperature scenario
(scenario 2) in Observatory station. The
ambient temperature reduction in cool
roof and modified urban temperature
scenario (scenario 2) compared to the
reference scenario is approximately
0.6-1.6  °C. Similarly, the ambient
temperature is predicted to decrease
from 17.2-44.7 °C in reference scenario
to 15.9-43.6 °C in cool roof and modified
urban temperature scenario (scenario
2) in Richmond station. The estimated
ambient temperature reduction is 0.7-
1.7 °C in Richmond station (See Figures
4 and 6).

* During a typical winter week and under
free floating condition, the indoor air
temperature is expected to decrease
slightly from a range between 14.7 and
32.8 °C in reference scenario to a range
between 14.6 and 32.5°C in reference
with cool roof scenario (scenario 1) in
Observatory Hill station (See Figure 8).




Similarly, the indoor air temperature
is predicted to reduce from a range
between 9.4 and 32.1 °C in reference
scenario to arange between 9.4 and 31.9
°C in reference with cool roof scenario
(scenario 1) in Richmond station (See
Figures 8 and 9).

+ During a typical winter month and
under free floating condition, the
maximum indoor air temperature
reduction by building-scale application
of cool roofs is predicted to be just 0.3 °C
and 0.4 °Cin Observatory and Richmond
stations, respectively. Positively,
temperature decrease happens mainly
during the non-heating period when
indoor temperature is higher than the
threshold (See Figures 10 and 11).

* During a typical winter month and under
free floating condition, the total number
of hours with an indoor air temperature
below 19 °C is predicted to increase
slightly from 131 hours in reference
scenario to 134 hours in reference
with cool roof scenario (scenario 1) in
Observatory station. The estimations
for Richmond stations also show a
slight increase in total number of hours
below 19 °C from 253 hours in reference
scenario to 257 hours in reference
with cool roof scenario (scenario 1).
The results show less increase in total
number hours below 19 °C between the
two scenarios (i.e. reference scenario
and reference with cool roof scenario
(scenario 1)) during operational hours
of the building. The number of hours
below 19 °C during operational hours of
the building (i.e. 7 am-6 pm) remain the
same in reference scenario compared
to reference with cool roof scenario
(scenario 1) in Observatory station. The
calculation in Richmond station shows a
slightincrease of number of hours below
19 °C from 51 hours to 53 hours during
the operational hours (See Table 5).

* During a typical summer month and
under free-floating condition, use of
cool roofs is predicted to significantly
decrease the number of hours above
26 °C. As computed, the number of
hours above 26 °C is 669 hours under
the reference scenario in Observatory
station, which decreases to 668 and
611 hours under the reference with
cool roof scenario (scenario 1) and cool
roof and modified urban temperature
scenario (scenario 2), respectively.
The simulations in Richmond station
also illustrate a significant reduction
in number of hours above 26 °C from
641 hours in reference scenario to 639
in reference with cool roof scenario
(scenario 1) and 619 hours in cool
roof and modified urban temperature
scenario (scenario 2), respectively (See
Table 6).

* As it can be deduced from the
feasibility analysis, despite the limited
energy saving potential, the ‘Do Nothing’
approach has a cost that is always higher
than that of the Cool Roofs. The Coating
Cool Roof is for all weather and energy
prices scenarios the most feasible option,
resulting in reductions of life cycle costs
of between 28,1 and 29,1% as it can be
seen in Table 8. The Metal Cool Roof
presents marginally acceptable results.
In the case of this specific building, due
to its typology and operational profile
the impact of weather differences
between Observatory and Richmond
is limited. Building 05 is in that sense a
good example of what happens when a
cool roof is to be applied in an already
insulated, energy efficient low-rise
building. Its contribution is not dramatic,
but given the impact the roof has on the
building’s cooling loads, especially the
Coating Cool roof is very appealing.
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Floor area :1100m?
Number of stories 14

Image source: Yamanto Central, Brisbane

Note: building characteristics change with climate
zones

Reference scenario

Reference building as described in
Appendix with a conventional roof.
Use of two sets of climatic data
including one climatic data simulated
by Weather Research Forecast (WRF)
for the current condition for two
summer months and one measured
annual weather data.

BUILDING 06

NEW MID-RISE SHOPPING MALL CENTRE

Scenario 1:
Reference with cool roof scenario

Same building as in the reference
scenario with a cool roof. Use of two
sets of climatic data including one
climatic data simulated by WRF for
the current condition for two summer
months and one measured annual
weather data.

Scenario 2:
Cool roof with modified urban
temperature scenario

Same building as in the reference
scenario with a cool roof. Use of
climatic data simulated by WRF
considering an extensive use of cool
roofs in the city.

Project name : Cool Roofs Cost Benefit Analysis Study
Project number : PRI-00004295

Date : 15 September 2021

Report contact : Prof Mattheos Santamouris
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1

SENSIBLE AND TOTAL COOLING LOAD
FOR TWO SUMMER MONTHS UNDER
THREE SCENARIOS®

9 Reference scenario, scenario 1, and scenario 2;
estimated for eleven weather stations in Sydney
using weather data simulated by WRF.

Table 1. Sensible and total cooling load for a new mid-rise shopping mall centre without roof insulation for two

summer months (i.e. January and February) under three scenarios including reference scenario, reference
with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario (scenario 2)
with weather data simulated by WRF for COP=1 for heating and cooling.

he buildi / Stations Reference Scenario 1 Scenario 2

The building-scale scenario Reference with Cool roof with

app//cat/on of cool roofs cool roof modified urban

d the t scenario temperature
can aecrease tne two SEErErE
summer months total
i ; Sensible  Total Sensible  Total Sensible  Total

CQO/mg /OC{O’ Ofa new mid- cooling cooling cooling cooling cooling cooling

rise shopping mall centre (kWh/m?)  (kWh/m?) (kKWh/m?) (KWh/m?) (kWh/m?) (kWh/m?)

from 75.4-81.7 kWh/m? to Sydney Airport  51.7 79.0 51.0 78.3 46.9 61.7

74.5-80.6 kWh/m?. Terry Hill 545 75.4 53.7 745 51.6 65.2
Bankstown 57.0 79.1 56.3 78.3 52.7 63.0
Canterbury 53.0 78.2 52.3 77.5 48.7 63.5
Observatory 51.3 78.1 50.6 77.3 47.9 65.2
Richmond 65.8 81.7 64.7 80.6 61.7 69.5
Penrith 61.6 77.8 60.7 76.8 57.9 65.7
Horsley Park 60.0 773 59.1 76.3 53.3 62.3
Camden 62.5 76.6 61.6 75.6 58.1 63.8
Olympic Park 56.1 79.3 55.3 78.4 52.8 66.5
Campbelltown 59.4 76.6 58.5 75.7 55.4 63.4

Table 2. Sensible and total cooling load saving for a new mid-rise shopping mall centre without roof insulation for
reference scenario versus reference with cool roof scenario (scenario 1), and reference scenario versus
cool roof with modified urban temperature scenario (scenario 2) for two summer months (i.e. January and
February) with weather data simulated by WRF for COP=1 for heating and cooling.

. Stations Reference scenario versus Reference scenario versus
For Scenario 1, the total Reference with cool roof Cool roof with modified urban
coo/ing load saving is scenario (Scenario 1) temperature scenario
around 0.7-1.1 kWh/m? G
which is equiva/ent to 0.9- Sensible cooling  Total cooling Sensible cooling  Total cooling
1.3 % of total cooling load KWh/m? % KWh/m? % KWh/m? % KWh/m? %
reduction. Sydney Airport 0.7 1.4 0.7 0.9 4.8 9.3 173 219
Terry Hill 0.8 1.5 0.9 1.2 2.9 5.3 10.2 13.5
For Scenario 2, the total Bankstown 0.7 1.2 0.8 1.0 43 7.5 16.1 20.4
Cooling load saving is Canterbury 0.7 1.3 0.7 0.9 43 8.1 14.7 18.8
around 10.2-17.3 kWh/m? Observatory 0.7 1.4 0.8 1.0 3.4 6.6 129 165
which is equiva/ent to 13.5- Richmond 1.1 1.7 1.1 1.3 4.1 6.2 12.2 14.9
21.9 % total cooling load Penrith 0.9 1.5 1.0 1.3 37 6.0 121 156
reduction. Horsley Park 0.9 1.5 1.0 1.3 6.7 11.2 15.0 19.4
Camden 0.9 1.4 1.0 1.3 4.4 7.0 12.8 16.7
Olympic Park 0.8 1.4 0.9 1.1 3.3 5.9 12.8 16.1
Campbelltown 0.9 1.5 0.9 1.2 4.0 6.7 13.2 17.2




Box HHI

In the eleven weather
stations in Sydney, the
combined building-
scale and urban-scale
application of cool roofs

can significantly reduce the

cooling load of a new mid-
rise shopping mall centre

during the summer season.
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Spatial distribution of total cooling load for reference scenario for two summer months (i.e. January and
February) for new mid-rise shopping mall centre with weather data simulated by WRF for COP=1 for
heating and cooling.
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Spatial distribution of total cooling load for reference with cool roof scenario (scenario 1) for two summer
months (i.e. January and February) for new mid-rise shopping mall centre with weather data simulated by
WREF for COP=1 for heating and cooling.
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Spatial distribution of total coo\lng load for cool roof with modified urban temperature scenario (scenario
2) for two summer months (i.e. January and February) for a new mid-rise shopping mall centre with
weather data simulated by WRF for COP=1 for heating and cooling.

Figure 3.
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Table 3. Annual cooling and heating loads for a new mid-rise shopping mall centre for two scenarios including
reference scenario and reference with cool roof scenario (scenario 1) using annual measured weather
data for COP=1 for heating and cooling.

h / Ji Stations Reference Scenario 1

The annual coo ng scenario Reference with

and heating simulation cool roof scenario

usmg annual measured Annual Annual Annual Annual

Weather data ///ustrates cooling load heating load cooling load heating load

that the annual heating (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)

penalty (0_0_0.7 kWh/mZ) Sensible Total Sensible Total Sensible Total Sensible Total

is Significantl)/ lower than Sydney Airport 176.3 227.4 0.5 1.2 174.3 225.2 0.5 1.2

the annual Coo//ng load Terry Hill 1471  205.1 0.9 2.7 1443 2021 09 2.7

reduction (2.2-3.6 kWh/m?). Bankstown 175.8 2207 1.2 3.6 1733 2181 12 3.6
Canterbury 161.7 206.7 1.0 3.5 1593 2042 1 3.5
Observatory 176.6 218.7 0.4 1.1 1741 216.0 0.4 1.1
Richmond 178.4 2271 2.1 6.3 175.5 224.0 2.1 6.3
Penrith 187.7 237.7 1.3 3.9 184.2 234.1 1.3 4
Horsley Park 172.8 211.5 1.4 4.1 169.5 208.0 1.4 4.1
Camden 1649 1993 23 7.3 161.9 196.2 24 7.4
Olympic Park 179.0 234.7 1.1 3.1 175.9 231.4 1.1 3.2
Campbelltown 162.4 194.6 2.1 6.1 159.4 191.4 2.1 6.2

Table 4. Annual cooling load saving, heating load penalty, and total cooling and heating saving for reference
scenario versus reference with cool roof scenario (scenario 1) for new mid-rise shopping mall centre using
annual measured weather data for COP=1 for heating and cooling.

Stations Annual Annual Annual total

The.annual CQO/ing load cooling load heating load cooling & heating load

saving by building-scale saving penalty saving

application of cool roofs is

GI’OUI’)d 7.0-7.6 %. Sensible Total Sens. Total Sensible Total
KWh/m? % KWh/m? % kWh/m? kWh/m? % kWh/m? %

i Sydney Airport 2.0 1.1 22 10 00 00 20 1.1 22 1.0
The annual total cooling ydney Airpor

and heatl'ng load saving by Terry Hill 2.8 1.9 3.0 1.5 0.0 0.0 2.8 1.9 3.0 1.4
building-scale application Bankstown 25 14 26 12 00 00 25 14 26 12
of cool roofs ranges Canterbury 24 15 25 12 00 00 24 15 25 12
between 2.2 and 3.5 kWh/

Observator 2.5 1.4 2.7 1.2 0.0 0.0 2.5 1.4 2.7 1.2
m?2 (~1.0-1.6%). Y

Richmond 2.9 1.6 3.1 1.4 0.0 0.0 2.9 1.6 3.1 1.3

Penrith 3.5 1.9 3.6 1.5 0.0 0.1 3.5 1.9 35 1.4

Horsley Park 33 1.9 35 1.7 0.0 0.0 33 1.2 3.5 1.6

Camden 3.0 1.8 3.1 1.6 0.1 0.1 2.9 1.7 3.0 1.5

Olympic Park 3.1 1.7 3.3 1.4 0.0 0.1 3.1 1.7 3.2 1.3

Campbelltown 3.0 1.8 3.2 1.6 0.0 0.1 3.0 1.8 3.1 1.5




¢ Reference scenario, scenario 1, and scenario

2; estimated for weather stations presenting

the lowest and highest ambient temperatures in
Sydney (i.e. Observatory Hill and Richmond) using
weather data simulated by WRF.

3

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FRE
FLOATING CONDITION DURING A

F-

TYPICAL WARM PERIOD UNDER THREE

SCENARIOS®

During a typical summer
week, the ambient air
temperature is predicted
to decrease from a range
19.2-39.8 °C in reference
scenario to a range 18.1-
38.9 °in scenario 2 in
Observatory station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.6-1.6 °C compared to
the reference scenario in
Observatory station.
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Figure 4. Indoor air temperature and ambient temperature for three scenarios including reference scenario,
reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario

For scenario 2, the ambient
temperature is predicted to
decrease from 17.2-44.7°C
in reference scenario to
15.9-43.6°C in Richmond
station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.7-1.7 °C compared to
the reference scenario in
Richmond station.

(scenario 2) for new mid-rise shopping mall centre under free floating conditions du
week in Observatory station using weather data simulated by WRF.

ring a typical summer
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Figure 5. Indoor air temperature and ambient temperature for three scenarios including reference scenario,
reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a new mid-rise shopping mall centre under free floating conditions during a typical

summer week in Richmond station using weather data simulated by WRF.



During a typical summer
week, the indoor air
temperature of the
reference scenario ranges
between 28.2 -48.1 °C

and 28.4-52.6 °C in
Observatory and Richmond
stations, respectively.

Reference scenario vs scenario 1
Reference scenario vs scenario 2
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Figure 6. Indoor temperature difference between reference scenario versus reference with cool roof scenario

For Scenario 1 (building-
scale), the maximum
indoor temperature
reduction is estimated

to be 0.4°Cand 0.7 °Cin
Observatory and Richmond
stations, respectively.

For Scenario 2 (combined
building- and urban-scale),
the maximum indoor
temperature reduction
increases up to 1.6 °C

and 1.8 °C in Observatory
and Richmond stations,
respectively.

(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a new mid-rise shopping mall centre under free-floating conditions during a typical summer week in
Observatory station using weather data simulated by WRF.

Reference scenario vs scenario 1

Reference scenario vs scenario 2
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Figure 7. Indoor temperature difference between reference scenario versus reference with cool roof scenario

(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a new mid-rise shopping mall centre under free-floating conditions during a typical summer week in
Richmond station using weather data simulated by WRF.
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Figure 8. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new mid-rise shopping mall centre under free-floating
condition during a typical winter week in Observatory station using annual measured weather data.
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Figure 9. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new mid-rise shopping mall centre under free-floating
condition during a typical winter week in Richmond station using annual measured weather data.
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(scenario 1) for a new mid-rise shopping mall centre under free-floating conditions during a typical winter
month in Richmond station using annual measured weather data.
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Table 5. Number of hours with indoor air temperature below 19 °C in free-floating mode during a typical winter
month using annual measured weather data.

. . . Stations Reference Scenario 1

During a typical winter scenario Reference with
month, the total number cool roof scenario
of hours with an indoor N .

. perational Total Operational Total
air temperature (<19 °C) hours* hours*
is predicted to remain the Observato " " ” 59
same with 89 and 219 Y
hours for both scenarios in Richmond 50 219 50 219
Observatory and Richmond * Operational hours of the building: Monday to Friday, 7 am-6 pm.

stations, respectively.

The number operational
hours with air temperature
<19 °C during remain the
same in reference scenario
compared to scenario 1 in
Observatory and Richmond
stations.

Table 6. Number of hours with indoor air temperature above 26 °C in free-floating mode during a typical summer
month using weather data simulated by WRF.

. . Stations Reference Scenario 1 Scenario 2
Durmg a typ/ca/ summer scenario Reference with Cool roof with
month, the total number cool roof scenario  modified urban
of hours with an indoor HERTEErE LTS

. scenario
air temperature (>26 °C)
is predicted to slightly Observatory 670 670 668

decreased from 670 hours
in reference scenario to Richmond 662 661 638
668 hours under scenario
2 in Observatory station;
and from 662 hours

in reference scenario

to 661 and 638 hours
under scenario 1 and

2 in Richmond station,
respectively.
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ECONOMIC FEASIBILITY OF COOL ROOFS:
EVALUATION OF REFURBISHMENT

The ‘Do Nothing’ approach
has a cost that is always
higher than both Cool
Roofs techniques, although
admittedly in the case of
the Metal Cool Roof only
marginally so, namely by
no more than 2,3 %.

Table 7.

Building 06 is a good
example of what happens
when cool roof is to be
applied in an already
insulated, energy efficient
high-rise building. Its
contribution is not
dramatic, but it is still
positive and feasible, in
particular when using the
less cost-intensive cool
coating option and over
the building’s life cycle
savings are important.

The building and its energy performance

Building 06 is a new, mid-rise shopping mall centre, with a total air-conditioned
area of 4.400 m? distributed on four levels. The 1.100 m? roof is insulated, resulting
in a good energy performance of the building, hence limiting the energy savings’
potential due to the cool roof to no more than 1,3%. The main features of the
building’s energy performance both for Observatory and Richmond stations are
presented in Table 7.

Energy performance features of Building 06.

Energy performance features Observatory Richmond
Energy consumption prior cool roof (MWh) 386,8 410,8
Energy consumption after cool roof (MWh) 382,1 405,3
Energy savings (MWh) 4,7 55
Energy savings (%) 1,22% 1,34%
Area (m?) 1.100 1.100
Roof costs - Metal roof (AU$/m?) 38,0 38,0
Roof costs - Coating (AU$/m?) 22,75 22,75
Life expectancy - Metal roof (years) 28,5 28,5
Life expectancy - Coating (years) 22,5 22,5
HVACs COP 2,5 2,5
Existing roof's renovation costs (AU$/m?) 15,0 15,0

The cool roof refurbishment options

Two possible options are being considered for reducing energy loads by utilizing
cool technologies on the roof:

+ A metal roof with cool characteristics is installed on top of the existing roof
+ A cool coating is applied on the existing roof

Both options have the same energy efficiency, resulting in energy savings of 1,22 %
for the Observatory weather conditions and of 1,34 % for the Richmond conditions.
The metal roof option has higher investment costs, but also a greater life expectancy,
namely of 28,5 vs. 22,5 years, as presented in Table 7.



The Coating Cool Roof is
for all weather and energy
prices scenarios the most
feasible option, resulting
in reductions of life cycle
costs of between 21,5 and
22,1 % (Table 8).

In the case of this specific
building, due to its typology
and operational profile

the impact of weather
differences between
Observatory and Richmond
is limited.

Feasibility analysis results

The feasibility analysis has been carried out by four methods, namely Net Present
Value, Internal Rate of Return, Payback Period and Life Cycle Cost. Since the
implementation of cool roofs techniques is not a revenue generating investment,
the determining factor is the Life Cycle Cost, in the sense that the solution that
ensures its minimization is the most suitable one. As we are examining a retrofitting,
the Life Cycle Cost of the “Do nothing” scenario does not consider the construction
cost, but only a refurbishment of the existing roof after 15 years.

The analysis has been carried out for two electricity prices scenarios, one for a low
initial price of 150 AU$/MWh and one for a high, of 290 AU$/MWh. The results of the
Life Cycle Cost analysis are presented in Figure 12 for Observatory and Richmond
weather conditions, respectively.

Life Cycle Costs for Building 06

Richmond High Energy Price
Richmaond Low Energy Price
Obervatory Hills High Energy Price

Obervatory Hills Low Energy Price

0 500,000 1,000,0001,500,0002,000,0002,500,0008,000,0008,500,000

® Coating Cool Roof  ® Metal Cool Roof  m Do Nothing

Figure 12. Life Cycle Costs for Building 06 for Observatory and Richmond stations.

Table 8. Reduction of Life Cycle Costs, compared to the ‘Do Nothing' approach.

Reduction of Life  Observatory Richmond
Cycle Costs
Low Energy High Energy  Low Energy High Energy
Price Price Price Price
Metal Cool Roof 1,08 % 2,06 % 1,32 % 2,25%
Coating Cool Roof 21,49 % 22,01 % 21,65 % 22,14 %
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CONCLUSIONS

* It is estimated that the combined
building-scale and urban-scale
application of cool roofs can significantly
reduce the cooling load of a new mid-
rise shopping mall centre during the
summer season.

* In the eleven weather stations in
Sydney, the building-scale application
of cool roofs can decrease the two
summer months total cooling load of
the mid-rise shopping mall centre from
75.4-81.7 kWh/m? to 74.5-80.6 kWh/m?.
As computed, the two summer months
total cooling load saving by building-
scale application of cool roofs is around
0.7-1.1 kWh/m2. This is equivalent to
approximately 0.9-1.3 % total cooling
load reduction in reference with cool
roof scenario (scenario 1) compared to
the reference case scenario (See Table 1
and 2 and Figures 1 and 2).

« In the eleven weather stations in
Sydney, the combined building-scale
and urban-scale application of cool roofs
is estimated to reduce the two summer
months total cooling by 10.2-17.3 kWh/
m2. This is equivalent to 13.5-21.9 % total
cooling load reduction in cool roof and
modified urban temperature scenario
(scenario 2) compared to the reference
scenario (See Table 1 and 2 and Figures
2 and 3).

« The annual cooling and heating
simulation using annual measured
weather data illustrate that the annual
heating penalty (0.0-0.1 kWh/m?) is
significantly lower than the annual
cooling load reduction (2.2-3.6 kWh/
m2). As calculated, the annual cooling
load saving by building-scale application
of cool roofs is around 1.0-1.6 %. The
annual total cooling and heating load
saving by building-scale application of
cool roofs ranges between 2.2 and 3.5
kWh/m? (~1.0-1.6%) (See Table 3 and 4).

+ During a typical summer week and
under free floating condition, the indoor
airtemperature of the reference scenario
ranges between 28.2 -48.1 °C and 28.4-
5 2.6 °C in Observatory and Richmond
stations, respectively. When cool roofs
are applied at a building scale (scenario
1), the maximum indoor temperature
reduction is estimated to be 0.4 and 0.7
°Cin Observatory and Richmond stations,
respectively. The indoor air temperature
reduction is foreseen to increase further
to 1.6 and 1 .8 °C by combined building-
scale and urban-scale application of cool
roofs (scenario 2) in Observatory and
Richmond stations, respectively (See
Figures 4-7).

+ During a typical summer week, the
ambient air temperature is predicted
to decrease from a range between 19.2
and 39.8 °C in reference scenario to a
range between 18.1 and 38.9 oC in cool
roof and modified urban temperature
scenario (scenario 2) in Observatory
station. The ambient temperature
reduction in cool roof and modified
urban temperature scenario (scenario
2) compared to the reference scenario
is approximately 0.6-1.6 °C. Similarly,
the ambient temperature is predicted to
decrease from 17.2-44.7 oC in reference
scenario to 15.9-43.6 °C in cool roof and
modified urban temperature scenario
(scenario 2) in Richmond station.
The estimated ambient temperature
reduction is 0.7-1.7 °C in Richmond
station (See Figures 4 and 6).

* During a typical winter week and under
free floating condition, the indoor air
temperature is expected to reduce
slightly from a range between 15.7 and
32.1 °C in reference scenario to a range
between 15.6 and 32.0 °C in reference
with cool roof scenario (scenario 1) in
Observatory Hill station (See Figure 8).




Similarly, the indoor air temperature
is predicted to slightly reduce between
10.7 and 31.4 °C in reference scenario
to a range between 10.6 and 31.3 °C
in reference with cool roof scenario
(scenario 1) in Richmond station (See
Figures 8 and 9).

+ During a typical winter month and
under free floating condition, the average
maximum indoor air temperature
reduction by building-scale application
of cool roofs is predicted to be just 0.2 °C
and 0.2 °Cin Observatory and Richmond
stations, respectively. Positively,
temperature decrease happens mainly
during the non-heating period when
indoor temperature is higher than the
threshold (See Figures 10 and 11).

+ During a typical winter month and
under free floating condition, the total
number of hours with an indoor air
temperature below 19 °C is predicted
to remain the same with 89 hours for
both scenarios in Observatory station.
The estimations for Richmond stations
also show the same number of hours
below 19 oC with 219 for both scenarios.
The results show no increase in total
number hours below 19 °C between the
two scenarios (i.e. reference scenario
and reference with cool roof scenario
(scenario 1)) during operational hours
of the building. The number of hours
below 19 °C during operational hours
of the building (i.e. Monday to Friday,
7 am-6 pm) also remain the same
between reference scenario and cool
roof scenario (scenario 1) with 14 hours
in Observatory station and 50 hours in
Richmond station (See Table 5).

* During a typical summer month and
under free-floating condition, use of
cool roofs is predicted to significantly
decrease the number of hours above
26°C.

As computed, the number of hours
above 26 °C is 670 hours under the
reference scenario in Observatory
station, which remains the same for
the cool roof scenario (scenario 1)
and slightly decreases to 668 hours
for the cool roof and modified urban
temperature scenario (scenario 2). The
simulations in Richmond station also
illustrate a similar reduction in number
of hours above 26 °C from 662 hours in
reference scenario to 661 in reference
with cool roof scenario (scenario 1) and
638 hours in cool roof and modified
urban temperature scenario (scenario
2), respectively (See Table 6).

* As it can be deduced from the
feasibility analysis, despite the limited
energy saving potential, the ‘Do Nothing’
approach has a cost that is always
higher than both Cool Roofs techniques,
although admittedly in the case of the
Metal Cool Roof only marginally so,
namely by no more than 2,3 %. The
Coating Cool Roof is for all weather
and energy prices scenarios the most
feasible option, resulting in reductions
of life cycle costs of between 21,5 and
22,1% as it can be seen in Table 8.

In the case of this specific building, due to
its typology and operational profile the
impact of weather differences between
Observatory and Richmond is limited.
Building 06 is in that sense a good
example of what happens when cool roof
is to be applied in an already insulated,
energy efficient high-rise building. Its
contribution is not dramatic, but it is still
positive and feasible, in particular when
using the less cost-intensive cool coating
option and over the building's life cycle
savings are important.
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Floor area :1100m?
Number of stories 16

Image source: Mall of America, Minneapolis

Note: building characteristics change with climate
zones

Reference scenario

Reference building as described in
Appendix with a conventional roof.
Use of two sets of climatic data
including one climatic data simulated
by Weather Research Forecast (WRF)
for the current condition for two
summer months and one measured
annual weather data.

BUILDING 07

NEW HIGH-RISE SHOPPING MALL CENTRE

Scenario 1:
Reference with cool roof scenario

Same building as in the reference
scenario with a cool roof. Use of two
sets of climatic data including one
climatic data simulated by WRF for
the current condition for two summer
months and one measured annual
weather data.

Scenario 2:
Cool roof with modified urban
temperature scenario

Same building as in the reference
scenario with a cool roof. Use of
climatic data simulated by WRF
considering an extensive use of cool
roofs in the city.

Project name : Cool Roofs Cost Benefit Analysis Study
Project number : PRI-00004295

Date : 15 September 2021

Report contact : Prof Mattheos Santamouris
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9 Reference scenario, scenario 1, and scenario 2;
estimated for eleven weather stations in Sydney

using weather data simulated by WRF.

1

SENSIBLE AND TOTAL COOLING LOAD
FOR TWO SUMMER MONTHS UNDER
THREE SCENARIOS®

Table 1.

Sensible and total cooling load for a new high-rise shopping mall centre for two summer months (i.e.

January and February) under three scenarios including reference scenario, reference with cool roof

scenario (scenario 1), and cool roof with modified urban temperature scenario (scenario 2) with weather
data simulated by WRF for COP=1 for heating and cooling.

The building-scale
application of cool roofs
can decrease the two
summer months total
cooling load of a new high-
rise shopping mall centre
from 74.9-81.3 kWh/m? to
74.3-80.5 kWh/m?-.

Stations Reference Scenario 1 Scenario 2
scenario Reference with Cool roof with
cool roof modified urban
scenario temperature
scenario
Sensible  Total Sensible  Total Sensible  Total
cooling cooling cooling cooling cooling cooling
(kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)
Sydney Airport  51.4 78.6 50.9 78.1 46.7 61.5
Terry Hill 54.1 74.9 53.5 74.3 51.4 65.0
Bankstown 56.6 78.6 56.2 78.1 52.5 62.9
Canterbury 52.6 77.8 52.1 77.3 48.6 63.4
Observatory 50.9 77.7 50.5 77.2 47.7 65.0
Richmond 65.4 81.3 64.7 80.5 61.7 69.5
Penrith 61.2 77.3 60.6 76.6 57.8 65.6
Horsley Park 59.6 76.8 59.0 76.2 53.1 62.1
Camden 62.0 76.1 61.4 75.5 58.0 63.7
Olympic Park 55.7 78.8 55.2 78.2 52.7 66.4
Campbelltown 58.9 76.2 58.4 75.5 55.3 63.3

Table 2. Sensible and total cooling load saving for a new high-rise shopping mall centre for reference scenario versus
reference with cool roof scenario (scenario 1), and reference scenario versus cool roof with modified
urban temperature scenario (scenario 2) for two summer months (i.e. January and February) with weather
data simulated by WRF for COP=1 for heating and cooling.

For Scenario 1, the total
cooling load saving is
around 0.5-0.8 kWh/m?
which is equivalent to 0.6-
1.0 % of total cooling load
reduction.

For Scenario 2, the total
cooling load saving is
around 9.9-17.1 kWh/m?
which is equivalent to 13.2-
21.8 % total cooling load
reduction.

Stations Reference scenario versus Reference scenario versus
Reference with cool roof Cool roof with modified urban
scenario (Scenario 1) temperature scenario

(Scenario 2)
Sensible cooling  Total cooling Sensible cooling  Total cooling
kWh/m? % kWh/m? % kWh/m? % kWh/m? %

Sydney Airport 0.5 1.0 0.5 0.6 4.7 9.1 17.1 21.8

Terry Hill 0.6 1.1 0.6 0.8 2.7 5.0 9.9 13.2

Bankstown 0.4 0.7 0.5 0.6 4.1 7.2 15.7 20.0

Canterbury 0.5 1.0 0.5 0.6 4.0 7.6 14.4 18.5

Observatory 0.4 0.8 0.5 0.6 3.2 6.3 12.7 16.3

Richmond 0.7 1.1 0.8 1.0 3.7 5.7 11.8 14.5

Penrith 0.6 1.0 0.7 0.9 3.4 5.6 11.7 15.1

Horsley Park 0.6 1.0 0.6 0.8 6.5 10.9 14.7 19.1

Camden 0.6 1.0 0.6 0.8 4.0 6.5 12.4 16.3

Olympic Park 0.5 0.9 0.6 0.8 3.0 5.4 12.4 15.7

Campbelltown 0.5 0.8 0.7 0.9 3.6 6.1 12.9 16.9




In the eleven weather
stations in Sydney, the
combined building-
scale and urban-scale
application of cool roofs
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Figure 1. Spatial distribution of total cooling load for reference scenario for two summer months (i.e. January and
February) for a new high-rise shopping mall centre with weather data simulated by WRF for COP=1 for
heating and cooling.

| i 3
Figure 2. Spatial distribution of total cooling load for reference with cool roof scenario (scenario 1) for two summer
months (i.e. January and February) for a new high-rise shopping mall centre with weather data simulated
by WRF for COP=1 for heating and cooling.

- Py

Figure 3. Spatial distribution of total cooling load for cool roof with modified urban temperature scenario (scenario
2) for two summer months (i.e. January and February) for a new high-rise shopping mall centre with
weather data simulated by WRF for COP=1 for heating and cooling.
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Table 3. Annual cooling and heating loads for a new high-rise shopping mall centre for two scenarios including
reference scenario and reference with cool roof scenario (scenario 1) using annual measured weather
data for COP=1 for heating and cooling.

. Stations Reference Scenario 1

The annual COO//ng scenario Reference with

and heating simulation cool roof scenario

usmg annual measured Annual Annual Annual Annual

weather data illustrates cooling load heating load cooling load heating load

that the Gnnual heating (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)

penalty (0_0_0.7 kWh/mZ) Sensible Total Sensible Total Sensible Total Sensible Total

is Significantl)/ lower than Sydney Airport 174.0 225.0 0.4 1.1 172.7 223.6 0.4 1.1

the annual Coo//ng load Terry Hill 1443 2022 0.8 2.6 142.6 200.2 0.8 2.6

reduction (1.4-2.4 kWh/m?). Bankstown 1731 2179 1.1 3.4 1715 2163 1.1 35
Canterbury 159.2 2041 0.9 3.3 157.7 2025 1.0 3.3
Observatory 174.3 216.2 0.4 1.0 172.7 214.6 0.4 1.0
Richmond 175.7 224.2 2.0 6.1 173.8 222.2 2.0 6.1
Penrith 184.9 234.8 1.2 3.8 182.6 2324 1.2 3.8
Horsley Park 170.0 208.6 1.3 3.9 167.9 206.4 1.3 3.9
Camden 162.1 196.4 2.2 7.1 160.2 194.4 2.2 7.2
Olympic Park 176.3 231.8 1.0 3.0 174.3 229.7 1.0 3.0
Campbelltown 159.5 191.6 1.9 6.0 157.5 189.5 1.9 6.0

Table 4. Annual cooling load saving, heating load penalty, and total cooling and heating saving for reference scenario
versus reference with cool roof scenario (scenario 1) for a new high-rise shopping mall centre using annual
measured weather data for COP=1 for heating and cooling.

Stations Annual Annual Annual total

The.annual CQO/ing load cooling load heating load cooling & heating load

saving by building-scale saving penalty saving

application of cool roofs is

GI’OUI’)d 0. 6-7.7 %. Sensible Total Sens. Total Sensible Total
KWh/m? % KWh/m? % kWh/m? kWh/m? % kWh/m? %

. Sydney Airport 13 07 14 06 00 00 13 07 14 06
The annual total cooling ydney Airpor

and heatl'ng /Oad saving by Terry Hill 1.7 1.2 2.0 1.0 0.0 0.0 1.7 1.2 2.0 1.0
building-scale application Bankstown 16 09 16 07 00 01 16 09 15 07
of cool roofs ranges Canterbury 15 09 1.6 08 01 00 14 09 16 08

between 1.4 and 2.4 kWh/

Observator 1.6 0.9 1.6 0.7 0.0 0.0 1.6 0.9 1.6 0.7
m? (~0.6-1.1 %). Y

Richmond 1.9 1.1 2.0 0.9 0.0 0.0 1.9 1.1 2.0 0.9

Penrith 2.3 1.2 24 1.0 0.0 0.0 2.3 1.2 2.4 1.0

Horsley Park 2.1 1.2 2.2 1.1 0.0 0.0 2.1 1.2 2.2 1.0

Camden 1.9 1.2 2.0 1.0 0.0 0.1 1.9 1.2 1.9 0.9

Olympic Park 2.0 1.1 2.1 0.9 0.0 0.0 2.0 1.1 2.1 0.9

Campbelltown 2.0 1.3 2.1 1.1 0.0 0.0 2.0 1.2 2.1 1.1
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INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL WARM PERIOD UNDER THREE
SCENARIOS®

¢ Reference scenario, scenario 1, and scenario

2; estimated for weather stations presenting

the lowest and highest ambient temperatures in
Sydney (i.e. Observatory Hill and Richmond) using
weather data simulated by WRF.
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Figure 4. Indoor air temperature and ambient temperature for three scenarios including reference scenario,
reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a new high-rise shopping mall centre under free floating conditions during a typical
summer week in Observatory station using weather data simulated by WRF.

\Q?éo

For scenario 2, the ambient ) S Yy
temperature is predicted to | S
decrease from 17.2-44.7°C 60 | Indoor sic emp-Scsnario 2
in reference scenario to g ] moentme-tatrence scnaro  sowar
15.9-43.6°C in Richmond o 1
station. i
g 7
9 40-
For Scenario 2, the = 1
estimated ambient 2 %]
temperature reduction is 30
0.7-1.7 °C compared to 254
the reference scenario in o]
Richmond station. :
15 I I ! ! 1
FULAET <l T Y - T .
Date

Figure 5. Indoor air temperature and ambient temperature for three scenarios including reference scenario,
reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a new high-rise shopping mall centre under free floating conditions during a typical
summer week in Richmond station using weather data simulated by WRF.



During a typical summer
week, the indoor air
temperature of the
reference scenario ranges
between 28.4-47.9 °C and
28.7-52.4 °C in Observatory
and Richmond stations,
respectively.

Reference scenario vs scenario 1
Reference scenario vs scenario 2
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Figure 6. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a new high-rise shopping mall centre under free-floating conditions during a typical summer week
in Observatory station using weather data simulated by WRF.

For Scenario 1 (building-
scale), the maximum
indoor temperature
reduction is estimated

to be 0.3°Cand 0.5°Cin
Observatory and Richmond
stations, respectively.

For Scenario 2 (combined
building- and urban-scale),
the maximum indoor
temperature reduction
increases up to 1.5 °C

and 1.7 °C in Observatory
and Richmond stations,
respectively.
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Figure 7. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a new highrise shopping mall centre under free-floating conditions during a typical summer week in
Richmond station using weather data simulated by WRF.



d Reference scenario and scenario; estimated
for weather stations presenting the lowest and
highest ambient temperatures in Sydney (i.e.
Observatory Hill and Richmond) using annual
measured weather data.

4

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL COLD PERIOD UNDER TWO
SCENARIOS?

During a typical winter
week, the indoor air
temperature is expected
to slightly decrease from
arange 15.7-32.1°Cin
reference scenario to

a range 15.7-32.0°C in
scenario 1 in Observatory
Hill station.
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Figure 8. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new high-rise shopping mall centre under free-floating
condition during a typical winter week in Observatory station using annual measured weather data.

The indoor air temperature
is predicted to reduce
from a range 11.0-31.2

°C in reference scenario
toarange 10.9-31.1°Cin
scenario 1 in Richmond
station.
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Figure 9. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new high-rise shopping mall centre under free-floating
condition during a typical winter week in Richmond station using annual measured weather data.
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Figure 10. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a new high-rise shopping mall centre under free-floating conditions during a typical winter
month in Observatory station using annual measured weather data.
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Figure 11. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a new high-rise shopping mall centre under free-floating conditions during a typical winter
month in Richmond station using annual measured weather data.
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NUMBER OF HOURS WITH INDOOR AIR
€ For free-floating condition in weather stations T E M P E RATU R E B E LOW /I 9 ° C D U RI N G
presentmgthe'lfwestanq highest ambient‘ A TYP | CAL CO |_ D P E R | O D AN D AB O\/E
it g i e e 26°C DURING A TYPICAL WARM PERIODE

Table 5. Number of hours with indoor air temperature below 19 °C in free-floating mode during a typical winter
month using annual measured weather data.

. . . Stations Reference Scenario 1

Dur’ng a typlca/ winter scenario Reference with )
month, the total number cool roof scenario
of hours with an indoor N .

g perational Total Operational Total
air temperature (<19 °C) hours* hours*
is predicted to remain the Observato 13 2 3 2
same with 79 and 208 Y
hours for both scenarios in Richmond 50 208 50 208
Observatory and Richmond * Operational hours of the building: Monday to Friday, 7 am-6 pm.

stations, respectively.

The number operational
hours with air temperature
<19 °C during remain the
same in reference scenario
compared to scenario 1 in
Observatory and Richmond

stations.
Table 6. Number of hours with indoor air temperature above 26 °C in free-floating mode during a typical summer
month using weather data simulated by WRF.
. . Stations Reference Scenario 1 Scenario 2
During a typical summer scenario Reference with Cool roof with
month, the total number cool roof scenario  modified urban
of hours with an indoor W LT
. scenario
air temperature (>26 °C)
is predicted to slightly Observatory 672 672 669

decreased from 672 hours
in reference scenario to Richmond 665 665 642
669 hours under scenario
2 in Observatory station;
and from 665 hours in
reference scenario to 642
hours under scenario

2 in Richmond station,
respectively.
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ECONOMIC FEASIBILITY OF COOL ROOFS:
EVALUATION OF REFURBISHMENT

The building and its energy performance

Building 07 is a new, high-rise shopping mall centre, with a total air-conditioned area
of 6.600 m? distributed on six levels. The 1.100 m? roof is insulated, resulting in a
good energy performance of the building. In addition, the fact that it is a high-rise
building further limits the impact of the roof on the whole building, hence limiting
the energy savings' potential due to the cool roof to no more than 0,9 %. The main
features of the building's energy performance both for Observatory and Richmond
stations are presented in Table 7.

Table 7. Energy performance features of Building 07.

Even in this very
unfavourable building with
its limited energy saving
potential, the ‘Do Nothing’
approach has a cost that
is always higher than both
Cool Roofs techniques,
although in the case of
the Metal Cool Roof only
marginally so, namely by
no more than 2,3%.

Building 07 is a good
example of what happens
when cool roof is to be
applied in an already
insulated, energy efficient
high-rise building. Its
contribution is not
dramatic, but it is still
positive and feasible,
particularly when using
the less cost-intensive cool
coating option.

Energy performance features Observatory Richmond
Energy consumption prior cool roof (MWh) 5734 608
Energy consumption after cool roof (MWh) 569,2 602,7
Energy savings (MWh) 4,2 53
Energy savings (%) 0,73 % 0,87 %
Area (m?) 1.100 1.100
Roof costs - Metal roof (AU$/m?) 38,0 38,0
Roof costs - Coating (AU$/m?) 22,75 22,75
Life expectancy - Metal roof (years) 28,5 28,5
Life expectancy - Coating (years) 22,5 22,5
HVACs COP 2,5 2,5
Existing roof's renovation costs (AU$/m?) 15,0 15,0

The cool roof refurbishment options

Two possible options are being considered for reducing energy loads by utilizing
cool technologies on the roof:

. A metal roof with cool characteristics is installed on top of the existing roof
. A cool coating is applied on the existing roof

Both options have the same energy efficiency, resulting in energy savings of 0,73 %
for the Observatory weather conditions and of 0,87 % for the Richmond conditions.
The metal roof option has higher investment costs, but also a greater life expectancy,
namely of 28,5 vs. 22,5 years, as presented in Table 7.



The Coating Cool Roof is
for all weather and energy
prices scenarios the most
feasible option, resulting
in reductions of life cycle
costs of between 21,5 and
22,1% (Table 8).

In the case of this specific
building, due to its typology
and operational profile

the impact of weather
differences between
Observatory Hills and
Richmond is limited.

Feasibility analysis results

The feasibility analysis has been carried out by four methods, namely Net Present
Value, Internal Rate of Return, Payback Period and Life Cycle Cost. Since the
implementation of cool roofs techniques is not a revenue generating investment,
the determining factor is the Life Cycle Cost, in the sense that the solution that
ensures its minimization is the most suitable one. As we are examining a retrofitting,
the Life Cycle Cost of the “Do nothing” scenario does not consider the construction
cost, but only a refurbishment of the existing roof after 15 years.

The analysis has been carried out for two electricity prices scenarios, one for a low
initial price of 150 AU$/MWh and one for a high, of 290 AU$/MWh. The results of the
Life Cycle Cost analysis are presented in Figure 12 for Observatory and Richmond
weather conditions, respectively.

Life Cycle Cost of Building 07

Richmand High Energy Price
Richmaond Low Energy Price
Obervatory Hills High Energy Price

Obervatony Hills Low Energy Price

0 1,000,000 2,000,000 3,000,000 4,000,000 5,000,000

H Coating Cool Roof B Metal Cool Roof B Do Nothing

Figure 12. Life Cycle Costs for Building 07 for Observatory and Richmond stations.

Table 8. Reduction of Life Cycle Costs, compared to the ‘Do Nothing' approach.

Reduction of Life  Observatory Richmond
Cycle Costs
Low Energy High Energy  Low Energy High Energy
Price Price Price Price
Metal Cool Roof 1,08 % 2,06 % 1,32 % 2,25%
Coating Cool Roof 21,49 % 22,01% 21,65 % 22,14 %
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CONCLUSIONS

* It is estimated that the combined
building-scale and  urban  scale
application of cool roof can significantly
reduce the cooling load of the new high-
rise shopping mall centre during the
summer season.

* In the eleven weather stations in
Sydney, the building-scale application of
cool roofs can decrease the two summer
months total cooling load of the new
high-rise shopping mall centre from
74.9-81.3 kWh/m? to 74.3-80.5 kWh/m? .
As computed, the two summer months
total cooling load saving by building-
scale application of cool roofs is around
0.5-0.8 kWh/m?. This is equivalent to
approximately 0.6-1.0 % total cooling
load reduction in reference with cool
roof scenario (scenario 1) compared to
the reference case scenario (See Table 1
and 2 and Figures 1 and 2).

« In the eleven weather stations in
Sydney, the combined building-scale
and urban-scale application of cool roofs
is estimated to reduce the two summer
months total cooling by 9.9-17.1 kWh/
m2. This is equivalent to 13.2-21.8 % total
cooling load reduction in cool roof and
modified urban temperature scenario
(scenario 2) compared to the reference
scenario (See Table 1 and 2 and Figures
2 and 3).

« The annual cooling and heating
simulation using annual measured
weather data illustrate that the annual
heating penalty (0.0-0.1 kWh/m?) is
significantly lower than the annual
cooling load reduction (1.4-2.4 kWh/
m2). As calculated, the annual cooling
load saving by building-scale application
of cool roofs is around 0.6-1.1 %. The
annual total cooling and heating load
saving by building-scale application of
cool roofs ranges between 1.4 and 2.4
kWh/m2 (~0.6-1.1 %) (See Table 3 and 4).

*+ During a typical summer week and
under free floating condition, the indoor
airtemperature of the reference scenario
ranges between 28.4-47 .9 °C and 28.7-
5 2.4 °C in Observatory and Richmond
stations, respectively. When cool roofs
are applied at a building scale (scenario
1), the maximum indoor temperature
reduction is estimated to be 0.3 and 0.5
°Cin Observatory and Richmond stations,
respectively. The indoor air temperature
reduction is foreseen to increase further
to 1.5 and 1.7 °C by combined building-
scale and urban-scale application of cool
roofs (scenario 2) in Observatory and
Richmond stations, respectively (See
Figures 4-7).

+ During a typical summer week, the
ambient air temperature is predicted to
decrease from arange between 19.2 and
39.8 °C in reference scenario to a range
between 18.1 and 38.9 °Ciin cool roof and
modified urban temperature scenario
(scenario 2) in Observatory station. The
ambient temperature reduction in cool
roof and modified urban temperature
scenario (scenario 2) compared to the
reference scenario is approximately
0.6-1.6 °C. Similarly, the ambient
temperature is predicted to decrease
from 17.2-44.7 °C in reference scenario
to 15.9-43.6 °C in cool roof and modified
urban temperature scenario (scenario
2) in Richmond station. The estimated
ambient temperature reduction is 0.7-
1.7 °C in Richmond station (See Figures
4 and 6).

* During a typical winter week and under
free floating condition, the indoor air
temperature is expected to decrease
slightly from a range between 15.7 and
32.1 °C in reference scenario to a range
between 15.7 and 32.0 °C in reference
with cool roof scenario (scenario 1) in
Observatory Hill station (See Figure 8).




Similarly, the indoor air temperature
is predicted to reduce from a range
between 11. 0 and 31.2 °C in reference
scenario to a range between 10.9 and
31.1 °C in reference with cool roof
scenario (scenario 1) in Richmond
station (See Figures 8 and 9).

+ During a typical winter month and
under free floating condition, the average
maximum indoor air temperature
reduction by building-scale application
of cool roofs is predicted to be just 0.2 °C
and 0.1 °Cin Observatory and Richmond
stations, respectively. Positively,
temperature decrease happens mainly
during the non-heating period when
indoor temperature is higher than the
threshold (See Figures 10 and 11).

+ During a typical winter month and
under free floating condition, the total
number of hours with an indoor air
temperature below 19 °C is predicted
to remain the same with 79 hours for
both scenarios in Observatory station.
The estimations for Richmond stations
also show the same number of hours
below 19 °C with 208 for both scenarios.
The results show no increase in total
number hours below 19 oC between the
two scenarios (i.e. reference scenario
and reference with cool roof scenario
(scenario 1)) during operational hours
of the building. The number of hours
below 19 °C during operational hours
of the building (i.e. Monday to Friday,
7 am-6 pm) also remain the same
between reference scenario and cool
roof scenario (scenario 1) with 13 hours
in Observatory station and 50 hours in
Richmond station (See Table 5).

* During a typical summer month and
under free-floating condition, use of
cool roofs is predicted to significantly
decrease the number of hours above 26
°C.

As computed, the number of hours
above 26 °C is 672 hours under the
reference scenario in Observatory
station, which remains the same for
the cool roof scenario (scenario 1)
and slightly decreases to 669 hours
for the cool roof and modified urban
temperature scenario (scenario 2). The
simulations in Richmond station also
illustrate a similar reduction in number
of hours above 26 °C from 665 hours in
reference scenario to 665 in reference
with cool roof scenario (scenario 1) and
642 hours in cool roof and modified
urban temperature scenario (scenario
2), respectively (See Table 6).

* As it can be deduced from the feasibility
analysis, even in this very unfavourable
building with its limited energy saving
potential, the ‘Do Nothing' approach
has a cost that is always higher than
both Cool Roofs techniques, although
admittedly in the case of the Metal Cool
Roof only marginally so, namely by no
more than 2,3 %. The Coating Cool Roof
is for all weather and energy prices
scenarios the most feasible option,
resulting in reductions of life cycle costs
of between 21,5 and 22,1 % as it can be
seen in Table 8.

In the case of this specific building, due
to its typology and operational profile
the impact of weather differences
between Observatory and Richmond
is limited. Building 07 is in that sense a
good example of what happens when
cool roof is to be applied in an already
insulated, energy efficient high-rise
building. Its contribution is not dramatic,
but it is still positive and feasible,
particularly when using the less cost-
intensive cool coating option.
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BUILDING 08

NEW LOW-RISE APARTMENT

Floor area :624m?
Number of stories 13

Image source: KTGY Architecture and Planning
- Multi Family 3-Story Walk Up - Boulder View
Apartments.

Note: building characteristics change with climate
zones

Reference scenario Scenario 1: Scenario 2:
Reference with cool roof scenario Cool roof with modified urban
temperature scenario

Reference building as described in Same building as in the reference Same building as in the reference
Appendix with a conventional roof. scenario with a cool roof. Use of two  scenario with a cool roof. Use of
Use of two sets of climatic data sets of climatic data including one climatic data simulated by WRF
including one climatic data simulated  climatic data simulated by WRF for considering an extensive use of cool
by Weather Research Forecast (WRF)  the current condition for two summer roofs in the city.

for the current condition for two months and one measured annual

summer months and one measured weather data.
annual weather data.

Project name : Cool Roofs Cost Benefit Analysis Study
Project number : PRI-00004295

Date : 15 September 2021

Report contact : Prof Mattheos Santamouris
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1

SENSIBLE AND TOTAL COOLING LOAD
FOR TWO SUMMER MONTHS UNDER
THREE SCENARIOS®

9 Reference scenario, scenario 1, and scenario 2;
estimated for eleven weather stations in Sydney
using weather data simulated by WRF.

Table 1. Sensible and total cooling load for a new low-rise apartment building for two summer months (i.e. January
and February) under three scenarios including reference scenario, reference with cool roof scenario
(scenario 1), and cool roof with modified urban temperature scenario (scenario 2) with weather data

simulated by WRF for COP=1 for heating and cooling.

he buildi / Stations Reference Scenario 1 Scenario 2

The bui Ing-scaie scenario Reference with Cool roof with

application of cool roofs cool roof modified urban

d the t scenario temperature
can aecrease tne two scenario
summer months total
i Sensible  Total Sensible  Total Sensible  Total

Cf)O/lI’)g load Ofa n€W low- cooling cooling cooling cooling cooling cooling

rise aparment building (kWh/m?)  (kWh/m?) (kKWh/m?) (KWh/m?) (kWh/m?) (kWh/m?)

from 13.9-19.4 kWh/m? to Sydney Airport 7.9 15.0 7.0 136 46 7.2

12.4-16.6 kWh/m’. Terry Hill 8.6 13.9 7.6 12.4 6.4 9.1
Bankstown 10.0 16.4 9.0 15.1 6.8 9.1
Canterbury 83 14.9 7.4 13.6 5.3 8.1
Observatory 7.6 14.3 6.7 13.0 5.1 8.2
Richmond 13.9 19.4 12.4 17.6 10.7 12.9
Penrith 11.6 16.7 10.4 15.1 8.8 10.8
Horsley Park 11.0 16.1 9.8 14.6 7.4 9.6
Camden 11.9 16.3 10.7 14.8 8.9 10.4
Olympic Park 9.8 16.4 8.7 14.9 7.0 10.0
Campbelltown  10.7 15.7 9.5 14.2 7.8 9.7

Table 2. Sensible and total cooling load saving for a new low-rise apartment building for reference scenario versus
reference with cool roof scenario (scenario 1), and reference scenario versus cool roof with modified
urban temperature scenario (scenario 2) for two summer months (i.e. January and February) with weather
data simulated by WRF for COP=1 for heating and cooling.

. Stations Reference scenario versus Reference scenario versus
For Scenario 1, the total Reference with cool roof Cool roof with modified urban
coo/ing load saving is scenario (Scenario 1) temperature scenario
around 1.3-1.8 kWh/m? G
which is equiva/ent to 1.9- Sensible cooling  Total cooling Sensible cooling  Total cooling
10.8 % of total cooling load KWh/m? % KWh/m? % KWh/m? % KWh/m? %
reduction. Sydney Airport 0.9 14 14 93 33 418 78 52.0
Terry Hill 1.0 11.6 1.5 10.8 2.2 25.6 4.8 34.5
For Scenario 2, the total Bankstown 1.0 10.0 1.3 7.9 3.2 32.0 7.3 44.5
Cooling load saving is Canterbury 0.9 10.8 1.3 8.7 3.0 36.1 6.8 45.6
around 4.8-7.8 kWh/m? Observatory 0.9 1.8 13 9.1 25 329 6.1 42.7
which is equiva/ent to 33.5- Richmond 1.5 10.8 1.8 9.3 3.2 23.0 6.5 335
52.0 % total cooling load Penrith 1.2 103 16 96 28 241 59 353
reduction. Horsley Park 1.2 10.9 1.5 9.3 3.6 32.7 6.5 40.4
Camden 1.2 10.1 1.5 9.2 3.0 25.2 5.9 36.2
Olympic Park 1.1 11.2 1.5 9.1 2.8 28.6 6.4 39.0
Campbelltown 1.2 11.2 1.5 9.6 2.9 27.1 6.0 38.2




In the eleven weather
stations in Sydney, both
building-scale and the
combined building-
scale and urban scale
application of cool roofs
can reduce the cooling
load of a new low-rise
apartment buiding with
insulation during the
summer season.
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Figure 1. Spatial distribution of total cooling load for reference scenario for two summer months (i.e. January and
February) for a new low-rise apartment building with weather data simulated by WRF for COP=1 for

heating and cooling.
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Figure 2. Spatial distribution of total cooling load for reference with cool roof scenario (scenario 1) for two summer
months (i.e. January and February) for a new low-rise apartment building with weather data simulated by
WREF for COP=1 for heating and cooling.
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Figure 3. Spatial distribution of total cooling load for cool roof with modified urban temperature scenario (scenario
2) for two summer months (i.e. January and February) for a new low-rise apartment building with weather
data simulated by WRF for COP=1 for heating and cooling.
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Table 3. Annual cooling and heating loads for a new low-rise apartment building for two scenarios including
reference scenario and reference with cool roof scenario (scenario 1) using annual measured weather
data for COP=1 for heating and cooling.

h / Ji d Stations Reference Scenario 1

The annual coo ing an scenario Reference with

heating simulation using cool roof scenario

GI’)HUQ/ measured weather Annual Annual Annual Annual

data illustrates that the cooling load heating load cooling load heating load

annual heatingpenalty (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)

(0_0_7.0 kWh/mZ) is lower Sensible Total Sensible Total Sensible Total Sensible Total

than the annual Cooling Sydney Airport 13.7 21.8 7.4 11.5 12.5 20.1 7.3 11.5

load reduction (1.7-3.3 Terry Hill 9.8 16.2 11.8 18.4 8.5 14.2 11.8 18.5

kWh/m?). Bankstown 159 242 113 179 143 220 118 186
Canterbury 12.9 20.1 11.0 17.6 11.5 18.2 11.5 18.3
Observatory 13.5 20.4 7.0 11.1 12.0 18.3 7.4 11.7
Richmond 18.4 27.7 141 22.2 16.3 25.0 14.7 23.0
Penrith 20.8 31.4 11.2 17.9 18.2 28.1 11.9 18.8
Horsley Park 16.0 22.6 12.6 19.8 13.9 19.9 133 20.7
Camden 14.7 20.3 16.1 25.3 12.8 17.9 16.9 26.3

Olympic Park 16.4 27.0 10.4 16.6 14.3 241 10.9 17.3
Campbelltown  13.6 18.2 16.2 254 11.7 15.9 17.0 26.4

Table 4. Annual cooling load saving, heating load penalty, and total cooling and heating saving for reference
scenario versus reference with cool roof scenario (scenario 1) for a new low-rise apartment building using
annual measured weather data for COP=1 for heating and cooling.

. Stations Annual Annual Annual total
The.annual CQO/’ng load cooling load heating load cooling & heating load
saving by building-scale saving penalty saving
application of cool roofs is
GI’OUI’)d 7. 8-72.6 0/0. Sensible Total Sens. Total Sensible Total
KWh/m? % KWh/m? % kWh/m? kWh/m? % kWh/m? %

. Sydney Airport 12 88 17 78 01 00 13 62 17 51
The annual total cooling ydney Airpor

and heatl'ng /Oad saving by Terry Hill 1.3 133 2.0 123 0.0 0.1 1.3 6.0 1.9 55
building-scale application Bankstown 16 101 22 91 05 07 11 40 15 36
of cool roofs ranges Canterbury 14 109 19 95 05 07 09 38 12 32

between 1.2 and 2.4 kWh/

Observator 1.5 11.1 2.1 10.3 04 0.6 1.1 5.4 1.5 4.8
m? (~3.0-5.5 %). Y

Richmond 2.1 1.4 27 9.7 0.6 0.8 1.5 4.6 1.9 3.8

Penrith 2.6 125 33 105 0.7 0.9 1.8 5.9 2.4 4.9

Horsley Park 2.1 131 27 11.9 0.7 0.9 1.4 4.9 1.8 4.2

Camden 1.9 129 24 11.8 0.8 1.0 1.1 3.6 1.4 3.1

Olympic Park 2.1 128 29 10.7 0.5 0.7 1.6 6.0 2.2 5.0

Campbelltown 1.9 140 23 126 0.8 1.0 1.1 3.7 1.3 3.0




¢ Reference scenario, scenario 1, and scenario

2; estimated for weather stations presenting

the lowest and highest ambient temperatures in
Sydney (i.e. Observatory Hill and Richmond) using
weather data simulated by WRF.

3

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL WARM PERIOD UNDER THREE
SCENARIOS®

During a typical summer
week, the ambient air
temperature is predicted
to decrease from a range
19.2-39.8 °C in reference
scenario to a range 18.1-
38.9 °in scenario 2 in
Observatory station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.6-1.6 °C compared to
the reference scenario in
Observatory station.
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Figure 4. Indoor air temperature and ambient temperature for three scenarios including reference scenario,

For scenario 2, the ambient
temperature is predicted to
decrease from 17.2-44.7°C
in reference scenario to
15.9-43.6°C in Richmond
station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.7-1.7 °C compared to
the reference scenario in
Richmond station.

reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a new low-rise apartment building under free floating conditions during a typical summer
week in Observatory station using weather data simulated by WRF.
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Figure 5. Indoor air temperature and ambient temperature for three scenarios including reference scenario,

reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a new low-rise apartment building under free floating conditions during a typical summer
week in Richmond station using weather data simulated by WRF.



During a typical summer
week, the indoor air
temperature of the
reference scenario ranges
between 25.2-36.1 °C and
25.4-39.6 °C in Observatory
and Richmond stations,
respectively.

Reference scenario vs scenario 1
Reference scenario vs scenario 2
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Figure 6. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a new low-rise apartment building under free-floating conditions during a typical summer week in
Observatory station using weather data simulated by WRF.

For Scenario 1 (building-
scale), the maximum
indoor temperature
reduction is estimated
tobe 0.8°Cand 1.0°Cin
Observatory and Richmond
stations, respectively.

For Scenario 2 (combined
building- and urban-scale),
the maximum indoor
temperature reduction
increases up to 1.7 °C

and 2.0 °C in Observatory
and Richmond stations,
respectively.
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Figure 7. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a new low-rise apartment building under free-floating conditions during a typical summer week in
Richmond station using weather data simulated by WRF.



d Reference scenario and scenario; estimated
for weather stations presenting the lowest and
highest ambient temperatures in Sydney (i.e.
Observatory Hill and Richmond) using annual
measured weather data.

4

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL COLD PERIOD UNDER TWO
SCENARIOS?

During a typical winter
week, the indoor air
temperature is expected
to decrease slightly from
a range 14.0-22.5°Cin
reference scenario to

a range 14.0-22.3°Cin
scenario 1 in Observatory
Hill station.
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Figure 8. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new low-rise apartment building under free-floating
condition during a typical winter week in Observatory station using annual measured weather data.

The indoor air temperature
is predicted to reduce
from a range 10.2-21.8

°C in reference scenario
toarange 10.1-21.6 °Ciin
scenario 1 in Richmond
station.
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Figure 9. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new low-rise apartment building under free-floating
condition during a typical winter week in Richmond station using annual measured weather data.
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Figure 10. Indoor air temperature difference between reference scenario versus reference with cool roof scenario

(scenario 1) for a new low-rise apartment building under free-floating conditions during a typical winter
month in Observatory station using annual measured weather data.
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Temperature decrease
mainly happens during the
non-heating period when
indoor temperature is
higher than the threshold.
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Figure 11. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a new low-rise apartment building under free-floating conditions during a typical winter
month in Richmond station using annual measured weather data.



5

NUMBER OF HOURS WITH INDOOR AIR
€ For free-floating condition in weather stations T E M P E RATU R E B E LOW /I 9 ° C D U RI N G
presentmgthe'lfwestanq highest ambient‘ A TYP | CAL CO |_ D P E R | O D AN D AB O\/E
it g i e e 26°C DURING A TYPICAL WARM PERIODE

Table 5. Number of hours with indoor air temperature below 19 °C in free-floating mode during a typical winter
month using annual measured weather data.

Stations Reference Scenario 1

During a typiCCl/ winter scenario Reference with )
month, the total number cool roof scenario
of hours with an indoor
air temperature (<19 °C) Observatory 428 438
is predicted to slightl

p sntly Richmond 549 566

increase from 428 hours in
reference scenario to 438
and hours and from 549 to
566 hours in scenario 1 in
Observatory and Richmond
stations, respectively.

Table 6. Number of hours with indoor air temperature above 26 °C in free-floating mode during a typical summer
month using weather data simulated by WRF.

. . Stations Reference Scenario 1 Scenario 2
D“”ng a typ/ca/ summer scenario Reference with Cool roof with
month, the total number cool roof scenario modified urban
of hours with an indoor ME (LT

. scenario
air temperature (>26 °C)
is predicted to slightly Observatory 440 411 341

decreased from 440 hours
in reference scenario Richmond 529 507 421
to 411 and 341 hours
under scenario 1 and 2 in
Observatory station,; and
from 529 hours in
reference scenario to

507 and 421 hours
under scenario 1 and

2 in Richmond station,
respectively.
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ECONOMIC FEASIBILITY OF COOL ROOFS:
EVALUATION OF REFURBISHMENT

The ‘Do Nothing’ approach
has a cost that is always
higher than that of the
Coating Cool Roof Cool,
resulting in reductions of
life cycle costs of between
15,7 and 21,3 %.

Table 7.

Building 08 is ia good
example of what happens
when cool roof is to be
applied in an already
insulated, energy efficient
low-rise building. Its
contribution is rather
limited, but it is still
positive and feasible, when
using the less cost-intensive
cool coating option.

The building and its energy performance

Building 08 is a new, low-rise apartment building, with a total air-conditioned area of
1.872 m? distributed on three levels. The 624 m? roof is insulated, resulting in a good
energy performance of the building, hence limiting the energy savings’ potential
due to the cool roof to modest values of no more than 4,7 %. The main features of
the building's energy performance both for Observatory and Richmond stations are
presented in Table 7.

Energy performance features of Building 08.

Energy performance features Observatory Richmond
Energy consumption prior cool roof (MWh) 23,6 37,4
Energy consumption after cool roof (MWh) 22,5 36,0
Energy savings (MWh) 1.1 1.4
Energy savings (%) 4,66 % 3,74 %
Area (m?) 624 624
Roof costs - Metal roof (AU$/m?) 38,0 38,0
Roof costs - Coating (AU$/m?) 22,75 22,75
Life expectancy - Metal roof (years) 28,5 28,5
Life expectancy - Coating (years) 22,5 22,5
HVACs COP 2,5 2,5
Existing roof's renovation costs (AU$/m?) 15,0 15,0

The cool roof refurbishment options

Two possible options are being considered for reducing energy loads by utilizing
cool technologies on the roof:

+ A metal roof with cool characteristics is installed on top of the existing roof
+ A cool coating is applied on the existing roof

Both options have the same energy efficiency, resulting in energy savings of 4,66
% for the Observatory Hills weather conditions and of 3,74 % for the Richmond
conditions. The metal roof option has higher investment costs, but also a greater life
expectancy, namely of 28,5 vs. 22,5 years, as presented in Table 7.



The Metal Cool Roof option

is not feasible, given its F iDili nalvsis r |
high initial cost and the easibility analysis results

/Imgled Energy savings. The feasibility analysis has been carried out by four methods, namely Net Present
(Table 8). Value, Internal Rate of Return, Payback Period and Life Cycle Cost. Since the

implementation of cool roofs techniques is not a revenue generating investment,
the determining factor is the Life Cycle Cost, in the sense that the solution that
ensures its minimization is the most suitable one. As we are examining a retrofitting,
the Life Cycle Cost of the “Do nothing” scenario does not consider the construction
cost, but only a refurbishment of the existing roof after 15 years.

The analysis has been carried out for two electricity prices scenarios, one for a low
initial price of 150 AU$/MWh and one for a high, of 290 AU$/MWh. The results of the
Life Cycle Cost analysis are presented in Figure 12 for Observatory and Richmond
weather conditions, respectively.

Life Cycle Cost of Building 08

Richmond High Energy Price

Richmond Low Energy Price

Obervatory Hills High Energy Price

Obervatory Hills Low Energy Price

o

50,000 100, 000 150,000 200,000 250,000 300,000

m Coating Cool Roof m Metal Cool Roof m Do Nothing

Figure 12. Life Cycle Costs for Building 08 for Observatory and Richmond stations.

Table 8. Reduction of Life Cycle Costs, compared to the ‘Do Nothing' approach.

Reduction of Life  Observatory Richmond

Cycle Costs
Low Energy High Energy  Low Energy High Energy
Price Price Price Price

Metal Cool Roof - -- -- --

Coating Cool Roof 15,68 % 20,19 % 18,39 % 21,33 %
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CONCLUSIONS

+ It is estimated that both building-
scale and combined building-scale and
urban scale application of cool roof can
significantly reduce the cooling load of a
new low-rise apartment building during
the summer season.

* In the eleven weather stations in
Sydney, the building-scale application of
cool roofs can decrease the two summer
months total cooling load of a new low-
rise apartment from 13.9-19.4 kWh/m?
to 12.4-16.6 kWh/m?. As computed, the
two summer months total cooling load
saving by building-scale application
of cool roofs is around 1.3-1.8 kWh/
m2. This is equivalent to approximately
8.7-10.8 % total cooling load reduction
in reference with cool roof scenario
(scenario 1) compared to the reference
case scenario (See Table 1 and 2 and
Figures 1 and 2).

* In the eleven weather stations in
Sydney, the combined building-scale
and urban-scale application of cool roofs
is estimated to reduce the two summer
months total cooling by 4.8-7.8 kWh/m?.
This is equivalent to 33.5-52.0 % total
cooling load reduction in cool roof and
modified urban temperature scenario
(scenario 2) compared to the reference
scenario (See Table 1 and 2 and Figures
2 and 3).

« The annual cooling and heating
simulation using annual measured
weather data illustrate that the annual
heating penalty (0.0-1.0 kWh/m?) is lower
than the annual cooling load reduction
(1.7-3.3 kWh/m?). As calculated, the
annual cooling load saving by building-
scale application of cool roofs is around
7.8-12.6 %. The annual total cooling and
heating load saving by building-scale
application of cool roofs ranges between
1.2 and 2.4 kWh/m? (~3.0-5.5 %) (See
Table 3 and 4).

+ During a typical summer week and
under free floating condition, the indoor
airtemperature of the reference scenario
ranges between 25.2-36.1 °C and 25.4-
39.6 °C in Observatory and Richmond
stations, respectively. When cool roofs
are applied at a building scale (scenario
1), the maximum indoor temperature
reduction is estimated to be 0.8 and 1.0
°Cin Observatory and Richmond stations,
respectively. The indoor air temperature
reduction is foreseen to increase further
to 1.7 and 2.0 °C by combined building-
scale and urban-scale application of cool
roofs (scenario 2) in Observatory and
Richmond stations, respectively (See
Figures 4-7).

* During a typical summer week, the
ambient air temperature is predicted to
decrease from arange between 19.2 and
39.8 °C in reference scenario to a range
between 18.1 and 38.9 °Ciin cool roof and
modified urban temperature scenario
(scenario 2) in Observatory station. The
ambient temperature reduction in cool
roof and modified urban temperature
scenario (scenario 2) compared to the
reference scenario is approximately
0.6-1.6 °C. Similarly, the ambient
temperature is predicted to decrease
from 17.2-44.7 °C in reference scenario
to 15.9-43.6 °C in cool roof and modified
urban temperature scenario (scenario
2) in Richmond station. The estimated
ambient temperature reduction is 0.7-
1.7 °C in Richmond station (See Figures
4 and 6).

* During a typical winter week and under
free floating condition, the indoor air
temperature is expected to decrease
slightly from a range between 14. 0 and
22.5 °C in reference scenario to a range
between 14.0 and 22.3 °C in reference
with cool roof scenario (scenario 1) in
Observatory Hill station (See Figure 8).




Similarly, the indoor air temperature
is predicted to slightly reduce from
a range between 10.2 and 21.8 °C in
reference scenario to a range between
10.1 and 21.6 °C in reference with cool
roof scenario (scenario 1) in Richmond
station (See Figures 8 and 9).

+ During a typical winter month
and under free floating condition,
the average maximum indoor air

temperature reduction by building-scale
application of cool roofs is predicted
to be just 0.3 °C for both Observatory
and Richmond stations. Positively,
temperature decrease happens mainly
during the non-heating period when
indoor temperature is higher than the
threshold (See Figures 10 and 11).

+ During a typical winter month and
under free floating condition, the total
number of hours with an indoor air
temperature below 19 °C is predicted
to increase slightly from 428 hours
in reference scenario to 438 hours
in reference with cool roof scenario
(scenario 1) in Observatory station. The
estimations for Richmond stations also
show a slightly increase in total number
of hours below 19 °C from 549 hours
in reference scenario to 566 hours
in reference with cool roof scenario
(scenario 1) (See Table 5).

+ During a typical summer month and
under free-floating condition, use of
cool roofs is predicted to significantly
decrease the number of hours above
26 °C. As computed, the number of
hours above 26 oC is 4 40 hours under
the reference scenario in Observatory
station, which decreases to 411 and 341
hours under the reference with cool roof
scenario (scenario 1) and cool roof and
modified urban temperature scenario
(scenario 2), respectively.

The simulations in Richmond station
also illustrate a significant reduction
in number of hours above 26 °C from
529 hours in reference scenario to 507
in reference with cool roof scenario
(scenario 1) and 421 hours in cool
roof and modified urban temperature
scenario (scenario 2), respectively (See
Table 6).

* As it can be deduced from the
feasibility analysis, despite the limited
energy saving potential, the ‘Do Nothing’
approach has a cost that is always higher
than that of the Coating Cool Roof Cool,
resulting in reductions of life cycle costs
of between 15,7 and 21,3 % as it can be
seen in Table 8. On the contrary, the
Metal Cool Roof option is not feasible,
given its high initial cost and the limited
energy savings. Building 08 is in that
sense a good example of what happens
when cool roof is to be applied in an
already insulated, energy efficient low-
rise building. Its contribution is rather
limited, but it is still positive and feasible,
when using the less cost-intensive cool
coating option.
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Floor area :624m?
Number of stories 05

Image source: 282 Eldert Street, Bushwick.

Note: building characteristics change with climate
zones

Reference scenario

Reference building as described in
Appendix with a conventional roof.
Use of two sets of climatic data
including one climatic data simulated
by Weather Research Forecast (WRF)
for the current condition for two
summer months and one measured
annual weather data.

BUILDING 09

NEW MID-RISE APARTMENT

Scenario 1:
Reference with cool roof scenario

Same building as in the reference
scenario with a cool roof. Use of two
sets of climatic data including one
climatic data simulated by WRF for
the current condition for two summer
months and one measured annual
weather data.

Scenario 2:
Cool roof with modified urban
temperature scenario

Same building as in the reference
scenario with a cool roof. Use of
climatic data simulated by WRF
considering an extensive use of cool
roofs in the city.

Project name : Cool Roofs Cost Benefit Analysis Study
Project number : PRI-00004295

Date : 15 September 2021

Report contact : Prof Mattheos Santamouris
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9 Reference scenario, scenario 1, and scenario 2;
estimated for eleven weather stations in Sydney

using weather data simulated by WRF.

1

SENSIBLE AND TOTAL COOLING LOAD
FOR TWO SUMMER MONTHS UNDER
THREE SCENARIOS®

Table 1. Sensible and total cooling load for a new mid-rise apartment building for two summer months (i.e. January
and February) under three scenarios including reference scenario, reference with cool roof scenario
(scenario 1), and cool roof with modified urban temperature scenario (scenario 2) with weather data
simulated by WRF for COP=1 for heating and cooling.

The building-scale
application of cool roofs
can decrease the two
summer months total
cooling load of a new mid-
rise aparment building
from 13.7-19.3 kWh/m? to
12.8-18.2 kWh/m>.

Stations Reference Scenario 1 Scenario 2
scenario Reference with Cool roof with
cool roof modified urban
scenario temperature
scenario
Sensible  Total Sensible  Total Sensible  Total
cooling cooling cooling cooling cooling cooling
(kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)
Sydney Airport 7.8 14.8 7.2 14.1 4.8 7.5
Terry Hill 8.4 13.7 7.7 12.8 6.5 9.4
Bankstown 9.8 16.2 9.2 15.5 7.0 9.4
Canterbury 8.1 14.7 7.6 14.0 5.3 8.4
Observatory 7.5 14.2 6.9 13.4 5.2 8.5
Richmond 13.6 19.3 12.7 18.2 10.9 133
Penrith 11.4 16.4 10.6 15.5 9.0 11.1
Horsley Park 10.7 15.9 10.0 15.0 7.5 9.7
Camden 11.6 16.1 10.9 15.2 9.0 10.6
Olympic Park 9.5 16.2 8.9 15.3 7.2 10.3
Campbelltown 10.4 15.5 9.7 14.6 8.0 10.0

Table 2. Sensible and total cooling load saving for a new mid-rise apartment building for reference scenario versus
reference with cool roof scenario (scenario 1), and reference scenario versus cool roof with modified
urban temperature scenario (scenario 2) for two summer months (i.e. January and February) with weather
data simulated by WRF for COP=1 for heating and cooling.

For Scenario 1, the total
cooling load saving is
around 0.7-1.1 kWh/m?
which is equivalent to 4.3-
5.8 % of total cooling load
reduction.

For Scenario 2, the total
cooling load saving is
around 4.3-7.3 kWh/m?
which is equivalent to 33.1-
49.3 % total cooling load
reduction.

Stations Reference scenario versus Reference scenario versus
Reference with cool roof Cool roof with modified urban
scenario (Scenario 1) temperature scenario

(Scenario 2)
Sensible cooling  Total cooling Sensible cooling  Total cooling
kWh/m? % kWh/m? % kWh/m? % kWh/m? %

Sydney Airport 0.6 7.7 0.7 4.7 3.0 38.5 7.3 49.3

Terry Hill 0.7 8.3 0.9 6.6 1.9 22.6 43 314

Bankstown 0.6 6.1 0.7 43 2.8 28.6 6.8 42.0

Canterbury 0.5 6.2 0.7 4.8 2.6 32.1 6.3 42.9

Observatory 0.6 8.0 0.8 5.6 23 30.7 5.7 40.1

Richmond 0.9 6.6 1.1 5.7 2.7 19.9 6.0 31.1

Penrith 0.8 7.0 0.9 5.5 2.4 211 5.3 323

Horsley Park

0.7 6.5 0.9 5.7

3.2 29.9 6.2 39.0

Camden

0.7 6.0 0.9 5.6

2.6 22.4 5.5 34.2

Olympic Park

0.6 6.3 0.9 5.6

23 24.2 5.9 36.4

Campbelltown

0.7 6.7 0.9 5.8

2.4 23.1 5.5 355




In the eleven weather
stations in Sydney,

both building-scale and
combined building-

scale and urban-scale
application of cool roof
can significantly reduce the
cooling load of a new mid-
rise apartment during the
summer season.

Figure 1.

Figure 2.

Figure 3.
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Table 3. Annual cooling and heating loads for a new mid-rise apartment building for two scenarios including
reference scenario and reference with cool roof scenario (scenario 1) using annual measured weather
data for COP=1 for heating and cooling.

. Stations Reference Scenario 1

The annual COO//ng scenario Reference with

and heating simulation cool roof scenario

usmg annual measured Annual Annual Annual Annual

weather data illustrates cooling load heating load cooling load heating load

that the Gnnual heating (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)

penalty (0.2—0.6 kWh/mZ) Sensible Total Sensible Total Sensible Total Sensible Total

is Significantl)/ lower than Sydney Airport 13.4 215 6.8 10.8 12.7 20.6 6.7 10.6

the annual Coo//ng load Terry Hill 9.3 15.6 11.0 17.4 8.5 14.4 10.9 17.2

reduction (0.9-1.9 kWh/m?). Bankstown 154 236 105 169 144 224 107 172
Canterbury 124 19.7 10.2 16.6 11.6 18.6 10.5 17.0
Observatory 13.1 20.0 6.4 10.3 12.2 18.8 6.6 10.6
Richmond 17.6 26.9 13.2 21.1 16.4 254 13.5 21.5
Penrith 19.9 30.5 10.3 16.8 18.4 28.6 10.7 17.3
Horsley Park 15.3 21.8 11.6 18.6 14.0 20.2 12.0 19.1
Camden 14.0 19.6 15.1 24.1 12.9 18.2 15.5 24.7

Olympic Park 15.7 26.3 9.5 15.5 14.5 24.6 9.8 15.9
Campbelltown  12.9 17.4 15.2 24.2 11.8 16.1 15.6 24.8

Table 4. Annual cooling load saving, heating load penalty, and total cooling and heating saving for reference
scenario versus reference with cool roof scenario (scenario 1) for a new mid-rise apartment building using
annual measured weather data for COP=1 for heating and cooling.

Stations Annual Annual Annual total

The.annual CQO/ing load cooling load heating load cooling & heating load

saving by building-scale saving penalty saving

application of cool roofs is

GI’OUI’)d 4'2_7'7 %. Sensible Total Sens. Total Sensible Total
KWh/m? % KWh/m? % kWh/m? kWh/m? % kWh/m? %

. Sydney Airport 07 52 09 42 01 02 06 30 07 22
The annual total cooling ydney Airpor

and heatl'ng /Oad saving by Terry Hill 0.8 8.6 1.2 7.7 0.1 0.2 0.7 3.5 1.0 3.0
building-scale application Bankstown 10 65 12 51 02 03 08 31 09 22
of cool roofs ranges Canterbury 08 65 11 56 03 04 05 22 07 19

between 0.7 and 1.4 kWh/

Observator 0.9 6.9 1.2 6.0 0.2 0.3 0.7 3.6 0.9 3.0
m? (~1.7-3.1 %). Y

Richmond 1.2 6.8 1.5 5.6 0.3 0.4 0.9 2.9 1.1 23

Penrith 1.5 7.5 1.9 6.2 0.4 0.5 1.1 3.6 1.4 3.0

Horsley Park 1.3 8.5 1.6 7.3 0.4 0.5 0.9 33 1.1 2.7

Camden 1.1 7.9 1.4 7.1 0.4 0.6 0.7 2.4 0.8 1.8

Olympic Park 1.2 7.6 1.7 6.5 0.3 0.4 0.9 3.6 1.3 3.1

Campbelltown 1.1 8.5 1.3 7.5 0.4 0.6 0.7 2.5 0.7 1.7
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Figure 4. Indoor air temperature and ambient temperature for three scenarios including reference scenario,
reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a new mid-rise apartment building under free floating conditions during a typical summer
week in Observatory station using weather data simulated by WRF.
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Figure 5. Indoor air temperature and ambient temperature for three scenarios including reference scenario,
reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a new mid-rise apartment building under free floating conditions during a typical summer
week in Richmond station using weather data simulated by WRF.



During a typical summer
week, the indoor air
temperature of the
reference scenario ranges
between 25.4-35.9 °C and
25.7-39.4 °C in Observatory
and Richmond stations,
respectively.

Reference scenario vs scenario 1

Reference scenario vs scenario 2

Indoor Air Temperature (°C)
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Figure 6. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a new mid-rise apartment building under free-floating conditions during a typical summer week in

For Scenario 1 (building-
scale), the maximum
indoor temperature
reduction is estimated
tobe 0.5°Cand 0.7 °Cin
Observatory and Richmond
stations, respectively.

For Scenario 2 (combined
building- and urban-scale),
the maximum indoor
temperature reduction
increases up to 1.5 °C

and 1.6 °C in Observatory
and Richmond stations,
respectively.

Observatory station using weather data simulated by WRF.
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Figure 7. Indoor temperature difference between reference scenario versus reference with cool roof scenario

(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a new mid-rise apartment building under free-floating conditions during a typical summer week in
Richmond station using weather data simulated by WRF.



d Reference scenario and scenario; estimated
for weather stations presenting the lowest and
highest ambient temperatures in Sydney (i.e.
Observatory Hill and Richmond) using annual
measured weather data.
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INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL COLD PERIOD UNDER TWO
SCENARIOS?

During a typical winter
week, the indoor air
temperature is expected
to slightly decrease from
a range 14.4-22.2 °C in
reference scenario to

a range 14.4-22.1 °Cin
scenario 1 in Observatory
Hill station.
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Figure 8. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new mid-rise apartment building under free-floating
condition during a typical winter week in Observatory station using annual measured weather data.

The indoor air temperature
is predicted to reduce
from a range 10.7-21.5

°C in reference scenario
toarange 10.7-21.4°Cin
scenario 1 in Richmond
station.
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Figure 9. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new mid-rise apartment building under free-floating
condition during a typical winter week in Richmond station using annual measured weather data.



For Scenario 1, the average
maximum indoor air
temperature reduction by
building-scale application
of cool roofs is predicted to
be just 0.1 °C and 0.2 °Cin
Observatory and Richmond
stations, respectively.
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Figure 10. Indoor air temperature difference between reference scenario versus reference with cool roof scenario

Temperature decrease
mainly happens during the
non-heating period when
indoor temperature is
higher than the threshold.

(scenario 1) for a new mid-rise apartment building under free-floating conditions during a typical winter
month in Observatory station using annual measured weather data.
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Figure 11. Indoor air temperature difference between reference scenario versus reference with cool roof scenario

(scenario 1) for a new mid-rise apartment building under free-floating conditions during a typical winter
month in Richmond station using annual measured weather data.
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Table 5. Number of hours with indoor air temperature below 19 °C in free-floating mode during a typical winter
month using annual measured weather data.

Stations Reference Scenario 1

During a typiCCl/ winter scenario Reference with )
month, the total number cool roof scenario
of hours with an indoor
air temperature (<19 °C) Observatory 431 431
is predicted to remain the _

Richmond 558 572

same for the reference
scenario and scenario 1
in Observatory station
with 431, and to slightly
increase from 558 hours
to 572 hours in Richmond

station.
Table 6. Number of hours with indoor air temperature above 26 °C in free-floating mode during a typical summer
month using weather data simulated by WRF.
. . Stations Reference Scenario 1 Scenario 2
During a typical summer scenario Reference with Cool roof with
month, the total number cool roof scenario modified urban
of hours with an indoor temperature
. scenario
air temperature (>26 °C)
is predicted to slightly Observatory 450 433 371

decreased from 450 hours
in reference scenario Richmond 556 540 444
to 433 and 371 hours
under scenario 1 and 2 in
Observatory station,; and
from 556 hours in
reference scenario to

540 and 444 hours

under scenario 1 and

2 in Richmond station,
respectively.
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ECONOMIC FEASIBILITY OF COOL ROOFS:
EVALUATION OF REFURBISHMENT

Despite the limited energy
saving potential, the Cool
Coating solution is for all
weather and energy prices

in reductions of life cycle

21,43 % (Table 8).

scenarios feasible, resulting

costs of between 17,81 and

Building 09 a good
example of what happens
when a cool roof is to

be applied in an already
insulated, energy efficient
building. Its contribution
is modest, but it is still
positive and feasible,
particularly when using
the less cost-intensive
cool coating option, which
over the building’s life
cycle leads to significant
cumulative savings.

The building and its energy performance

Building 09 is a new, mid-rise apartment building, with a total air-conditioned area of
3.120 m? distributed on five levels. The 624 m? roof is insulated, resulting in a good
energy performance of the building, hence limiting the energy savings' potential due
to the cool roof to no more than 2,9%. The main features of the building’s energy
performance both for Observatory and Richmond stations are presented in Table 7.

Table 7. Energy performance features of Building 09.

Energy performance features Observatory Richmond
Energy consumption prior cool roof (MWh) 37,8 59,9
Energy consumption after cool roof (MWh) 36,7 58,5
Energy savings (MWh) 11 1.4
Energy savings (%) 2,91% 2,34%
Area (m?) 624 624
Roof costs - Metal roof (AU$/m?) 38,0 38,0
Roof costs - Coating (AU$/m?) 22,75 22,75
Life expectancy - Metal roof (years) 28,5 28,5
Life expectancy - Coating (years) 22,5 22,5
HVACs COP 2,5 2,5
Existing roof's renovation costs (AU$/m?) 15,0 15,0

The cool roof refurbishment options

Two possible options are being considered for reducing energy loads by utilizing

cool technologies on the roof:

+ A metal roof with cool characteristics is installed on top of the existing roof

+ A cool coating is applied on the existing roof

Both options have the same energy efficiency, resulting in energy savings of 2,91 %
for the Observatory weather conditions and of 2,34 % for the Richmond conditions.
The metal roof option has higher investment costs, but also a greater life expectancy,
namely of 28,5 vs. 22,5 years, as presented in Table 7.



The Metal Cool roof is

not feasible, due to its
comparatively higher initial
cost, which is not being
recovered by the limited
energy savings for low
energy prices.

Feasibility analysis results

The feasibility analysis has been carried out by four methods, namely Net Present
Value, Internal Rate of Return, Payback Period and Life Cycle Cost. Since the
implementation of cool roofs techniques is not a revenue generating investment,
the determining factor is the Life Cycle Cost, in the sense that the solution that
ensures its minimization is the most suitable one. As we are examining a retrofitting,
the Life Cycle Cost of the “Do nothing” scenario does not consider the construction
cost, but only a refurbishment of the existing roof after 15 years.

The analysis has been carried out for two electricity prices scenarios, one for a low
initial price of 150 AU$/MWh and one for a high, of 290 AU$/MWh. The results of the
Life Cycle Cost analysis are presented in Figure 12 for Observatory and Richmond
weather conditions, respectively.

Life Cycle Cost of Building 09

Richmond High Energy Price
Richmaond Low Energy Price
Obervatory Hills High Energy Price

Obervatory Hills Low Energy Price

L] 100,000 200,000 300,000 400,000 500,000

m Coating Cool Roof mMetal Cool Roof m Do Nothing

Figure 12. Life Cycle Costs for Building 09 for Observatory and Richmond stations.

Table 8. Reduction of Life Cycle Costs, compared to the ‘Do Nothing' approach.

Reduction of Life  Observatory Richmond

Cycle Costs
Low Energy High Energy  Low Energy High Energy
Price Price Price Price

Metal Cool Roof - -- -- --

Coating Cool Roof 17,81 % 20,70 % 19,56 % 21,43 %
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CONCLUSIONS

+ It is estimated that both building-
scale and combined building-scale and
urban-scale application of cool roof can
significantly reduce the cooling load of a
new mid-rise apartment building during
the summer season .

* In the eleven weather stations in
Sydney, the building-scale application of
cool roofs can decrease the two summer
months total cooling load of a new mid-
rise apartment from 13.7-19.3 kWh/m?
to 12.8-18.2 kWh/m?. As computed, the
two summer months total cooling load
saving by building-scale application
of cool roofs is around 0.7-1.1 kWh/
m2. This is equivalent to approximately
4.3-5.8 % total cooling load reduction
in reference with cool roof scenario
(scenario 1) compared to the reference
case scenario (See Table 1 and 2 and
Figures 1 and 2).

* In the eleven weather stations in
Sydney, the combined building-scale
and urban-scale application of cool roofs
is estimated to reduce the two summer
months total cooling by 4.3-7.3 kWh/m?
. This is equivalent to 33.1-49.3 % total
cooling load reduction in cool roof and
modified urban temperature scenario
(scenario 2) compared to the reference
scenario (See Table 1 and 2 and Figures
2 and 3).

« The annual cooling and heating
simulation using annual measured
weather data illustrate that the annual
heating penalty (0.2-0.6 kWh/m?) is lower
than the annual cooling load reduction
(0.9-1.9 kWh/m?). As calculated, the
annual cooling load saving by building-
scale application of cool roofs is around
4.2-7.7 %. The annual total cooling and
heating load saving by building-scale
application of cool roofs ranges between
0.7 and 1.4 kWh/m? (~1.7-3.1 %) (See
Table 3 and 4).

+ During a typical summer week and
under free floating condition, the indoor
airtemperature of the reference scenario
ranges between 25.4-3 5.9°C and 25.7-
39.4 °C in Observatory and Richmond
stations, respectively. When cool roofs
are applied at a building scale (scenario
1), the maximum indoor temperature
reduction is estimated to be 0.5 and 0.7
°Cin Observatory and Richmond stations,
respectively. The indoor air temperature
reduction is foreseen to increase further
to 1.5 and 1.6 °C by combined building-
scale and urban-scale application of cool
roofs (scenario 2) in Observatory and
Richmond stations, respectively (See
Figures 4-7).

* During a typical summer week, the
ambient air temperature is predicted to
decrease from arange between 19.2 and
39.8 °C in reference scenario to a range
between 18.1 and 38.9 °Ciin cool roof and
modified urban temperature scenario
(scenario 2) in Observatory station. The
ambient temperature reduction in cool
roof and modified urban temperature
scenario (scenario 2) compared to the
reference scenario is approximately
0.6-1.6 °C. Similarly, the ambient
temperature is predicted to decrease
from 17.2-44.7 °C in reference scenario
to 15.9-43.6 °C in cool roof and modified
urban temperature scenario (scenario
2) in Richmond station. The estimated
ambient temperature reduction is 0.7-
1.7 °C in Richmond station (See Figures
4 and 6).

* During a typical winter week and under
free floating condition, the indoor air
temperature is expected to slightly
decrease from arange between 14.4 and
22.2 °C in reference scenario to a range
between 14.4 and 22.1 °C in reference
with cool roof scenario (scenario 1) in
Observatory Hill station (See Figure 8).




Similarly, the indoor air temperature
is predicted to slightly reduce from
a range between 10. 7 and 21.5 °C in
reference scenario to a range between
10.7 and 21.4 oC in reference with cool
roof scenario (scenario 1) in Richmond
station (See Figures 8 and 9).

+ During a typical winter month
and under free floating condition,
the average maximum indoor air

temperature reduction by building-scale
application of cool roofs is predicted to
be just 0.1 and 0.2 °C for Observatory
and Richmond stations, respectively.
Positively, ~ temperature decrease
happens mainly during the non-heating
period when indoor temperature is
higher than the threshold (See Figures
10 and 11).

+ During a typical winter month and
under free floating condition, the total
number of hours with an indoor air
temperature below 19 °C is predicted
remain the same for both the reference
scenario and reference with cool
roof scenario (scenario 1) with 431 in
Observatory station. The estimations for
Richmond stations also show a slightly
increase in total number of hours below
19 °C from 558 hours in reference
scenario to 572 hours in reference with
cool roof scenario (scenario 1) (See Table
5).

+ During a typical summer month and
under free-floating condition, use of
cool roofs is predicted to significantly
decrease the number of hours above
26 °C. As computed, the number of
hours above 26 °C is 450 hours under
the reference scenario in Observatory
station, which decreases to 433 and 371
hours under the reference with cool roof
scenario (scenario 1) and cool roof and
modified urban temperature scenario
(scenario 2), respectively.

The simulations in Richmond station
also illustrate a significant reduction
in number of hours above 26 oC from
556 hours in reference scenario to 540
in reference with cool roof scenario
(scenario 1) and 444 hours in cool
roof and modified urban temperature
scenario (scenario 2), respectively (See
Table 6).

* As it can be deduced from the
feasibility analysis, despite the limited
energy saving potential, the Cool Coating
solution is for all weather and energy
prices scenarios feasible, resulting in
reductions of life cycle costs of between
17,81 and 21,43% as it can be seen
in Table 8. The Metal Cool roof is not
feasible, due to its comparatively higher
initial cost, which is not being recovered
by the limited energy savings for low
energy prices. Building 09 is in that
sense a good example of what happens
when a cool roof is to be applied in
an already insulated, energy efficient
building. Its contribution is modest, but
it is still positive and feasible, particularly
when using the less cost-intensive cool
coating option, which over the building's
life cycle leads to significant cumulative
savings.
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Floor area :624m?
Number of stories 18

Image source: Sunshine Gardens, City of
Fredericton.

Note: building characteristics change with climate
zones

Reference scenario

Reference building as described in
Appendix with a conventional roof.
Use of two sets of climatic data
including one climatic data simulated
by Weather Research Forecast (WRF)
for the current condition for two
summer months and one measured
annual weather data.

BUILDING 10

NEW HIGH-RISE APARTMENT

Scenario 1:
Reference with cool roof scenario

Same building as in the reference
scenario with a cool roof. Use of two
sets of climatic data including one
climatic data simulated by WRF for
the current condition for two summer
months and one measured annual
weather data.

Scenario 2:
Cool roof with modified urban
temperature scenario

Same building as in the reference
scenario with a cool roof. Use of
climatic data simulated by WRF
considering an extensive use of cool
roofs in the city.

Project name : Cool Roofs Cost Benefit Analysis Study
Project number : PRI-00004295

Date : 15 September 2021

Report contact : Prof Mattheos Santamouris
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9 Reference scenario, scenario 1, and scenario 2;
estimated for eleven weather stations in Sydney

using weather data simulated by WRF.

1

SENSIBLE AND TOTAL COOLING LOAD
FOR TWO SUMMER MONTHS UNDER
THREE SCENARIOS®

Table 1. Sensible and total cooling load for a new high-rise apartment building for two summer months (i.e. January
and February) under three scenarios including reference scenario, reference with cool roof scenario
(scenario 1), and cool roof with modified urban temperature scenario (scenario 2) with weather data
simulated by WRF for COP=1 for heating and cooling.

The building-scale
application of cool roofs
can decrease the two
summer months total
cooling load of a new high-
rise apartment building
from 13.5-19.1 kWh/m? to
12.9-18.4 kWh/m?.

Stations Reference Scenario 1 Scenario 2
scenario Reference with Cool roof with
cool roof modified urban
scenario temperature
scenario
Sensible  Total Sensible  Total Sensible  Total
cooling cooling cooling cooling cooling cooling
(kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)
Sydney Airport 7.6 14.7 7.3 14.2 4.8 7.6
Terry Hill 8.2 13.5 7.8 12.9 6.6 9.5
Bankstown 9.6 16.1 9.3 15.6 7.0 9.5
Canterbury 8.0 14.6 7.7 14.1 5.3 8.5
Observatory 7.3 14.0 7.0 13.5 5.2 8.6
Richmond 13.4 19.1 12.9 18.4 11.0 13.5
Penrith 1.2 16.3 10.7 15.7 9.1 11.2
Horsley Park 10.5 15.7 10.1 15.2 7.5 9.7
Camden 1.4 15.9 10.9 15.4 9.1 10.7
Olympic Park 9.4 16.0 9.0 15.5 7.2 10.5
Campbelltown 10.2 15.3 9.8 14.8 8.1 10.1

Table 2. Sensible and total cooling load saving for a new high-rise apartment building for reference scenario versus
reference with cool roof scenario (scenario 1), and reference scenario versus cool roof with modified
urban temperature scenario (scenario 2) for two summer months (i.e. January and February) with weather
data simulated by WRF for COP=1 for heating and cooling.

For Scenario 1, the total
cooling load saving is
around 0.5-0.7 kWh/m?
which is equivalent to 3.1-
4.4 % of total cooling load
reduction.

For Scenario 2, the total
cooling load saving is
around 5.1-7.1 kWh/m?
which is equivalent to 31.3-
48.3 % total cooling load
reduction.

Stations Reference scenario versus Reference scenario versus
Reference with cool roof Cool roof with modified urban
scenario (Scenario 1) temperature scenario

(Scenario 2)
Sensible cooling  Total cooling Sensible cooling  Total cooling
kWh/m? % kWh/m? % kWh/m? % kWh/m? %

Sydney Airport 0.3 3.9 0.5 34 2.8 36.8 7.1 48.3

Terry Hill 0.4 4.9 0.6 4.4 1.6 19.5 4.0 29.6

Bankstown 0.3 3.1 0.5 3.1 2.6 27.1 6.6 41.0

Canterbury 0.3 3.8 0.5 3.4 2.5 31.3 6.1 41.8

Observatory 0.3 4.1 0.5 3.6 2.1 28.8 5.4 38.6

Richmond 0.5 3.7 0.7 3.7 2.4 17.9 5.6 29.3

Penrith 0.5 4.5 0.6 3.7 2.1 18.8 5.1 31.3

Horsley Park

0.4 3.8 0.5 3.2

3.0 28.6 6.0 38.2

Camden

0.5 4.4 0.5 3.1

23 20.2 5.2 32.7

Olympic Park

0.4 4.3 0.5 3.1

2.2 23.4 5.5 34.4

Campbelltown

0.4 3.9 0.5 33

2.1 20.6 5.2 34.0




In the eleven weather
stations in Sydney, both
building-scale and the
combined building-

scale and urban scale
application of cool roofs
can reduce the cooling
load of the new high-rise
apartment building during
the summer season.

Figure 1.

Overall, the simulation
results indicate that the
cooling load reductions
by cool roofs can be
significant if they are
implemented at an urban
scale.

Figure 2.

Figure 3.
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Spatial distribution of total cooling load for reference scenario for two summer months (i.e. January and

February) for a new high-rise apartment building with weather data simulated by WRF for COP=1 for
heating and cooling.
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months (i.e. January and February) for a new high-rise apartment building with weather data simulated by
WREF for COP=1 for heating and cooling.
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Spatial distribution of total cooling load for cool roof with modified urban temperature scenario (scenario
2) for two summer months (i.e. January and February) for a new high-rise apartment building with weather
data simulated by WRF for COP=1 for heating and cooling.
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Table 3. Annual cooling and heating loads for a new high-rise apartment building for two scenarios including
reference scenario and reference with cool roof scenario (scenario 1) using annual measured weather
data for COP=1 for heating and cooling.

. Stations Reference Scenario 1

The annual COO//ng scenario Reference with

and heating simulation cool roof scenario

usmg annual measured Annual Annual Annual Annual

weather data illustrates cooling load heating load cooling load heating load

that the Gnnual heat/ng (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)

penalty (0_2_0.5 kWh/mZ) Sensible Total Sensible Total Sensible Total Sensible Total

is Significantl)/ lower than Sydney Airport 13.1 21.2 6.3 10.1 12.7 20.7 6.4 10.3

the annual Coo//ng load Terry Hill 8.9 15.1 10.3 16.4 8.5 14.4 10.5 16.7

reduction (0.5-1.4 kWh/m?). Bankstown 150 232 101 164 144 225 103 167
Canterbury 12.6 20.0 9.8 16.2 11.6 18.6 10.0 16.4
Observatory 12.8 19.6 6.1 10.0 12.3 18.9 6.2 10.2
Richmond 171 26.4 12.8 20.6 16.4 255 13.0 209
Penrith 19.3 29.9 9.7 16.0 18.4 28.7 9.9 16.3
Horsley Park 14.8 21.2 10.9 17.6 14.0 20.3 11.2 18.0
Camden 13.6 19.1 14.7 23.6 12.9 18.2 14.9 24.0

Olympic Park 15.3 25.7 8.9 14.7 14.5 24.7 9.2 15.0
Campbelltown 124 16.9 14.3 23.1 11.7 16.1 14.7 23.6

Table 4. Annual cooling load saving, heating load penalty, and total cooling and heating saving for reference scenario
versus reference with cool roof scenario (scenario 1) for a new high-rise apartment building using annual
measured weather data for COP=1 for heating and cooling.

Stations Annual Annual Annual total

The.annual CQO/ing load cooling load heating load cooling & heating load

saving by building-scale saving penalty saving

application of cool roofs is

GI’OUI’)d 2'4_7'0 %. Sensible Total Sens. Total Sensible Total
KWh/m? % KWh/m? % kWh/m? kWh/m? % kWh/m? %

. Sydney Airport 04 31 05 24 01 02 03 15 03 10
The annual total cooling ydney Airpor

and heatl'ng /Oad saving by Terry Hill 0.4 4.5 0.7 4.6 0.2 0.3 0.2 1.0 0.4 1.3
building-scale application Bankstown 06 40 07 30 02 03 04 16 04 10
of cool roofs ranges Canterbury 10 79 14 70 02 02 08 36 12 33

between 0.3 and 1.2 kWh/

Observator 0.5 3.9 0.7 3.6 0.1 0.2 0.4 2.1 0.5 1.7
m? (~0.7-3.3 %). Y

Richmond 0.7 4.1 0.9 3.4 0.2 0.3 0.5 1.7 0.6 1.3

Penrith 0.9 4.7 1.2 4.0 0.2 0.3 0.7 24 0.9 2.0

Horsley Park 0.8 5.4 0.9 4.2 0.3 0.4 0.5 1.2 0.5 1.3

Camden 0.7 5.1 0.9 4.7 0.2 0.4 0.5 1.8 0.5 1.2

Olympic Park 0.8 5.2 1.0 3.9 0.3 0.3 0.5 2.1 0.7 1.7

Campbelltown 0.7 5.6 0.8 4.7 0.4 0.5 0.3 1.1 0.3 0.7
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INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
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Sydney (i.e. Observatory Hill and Richmond) using
weather data simulated by WRF. S C E N A R | O SC
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temperature is predicted :
to decrease from a range
19.2-39.8 °C in reference
scenario to a range 18.1-
38.9 °in scenario 2 in
Observatory station.
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Figure 4. Indoor air temperature and ambient temperature for three scenarios including reference scenario,
reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a new high-rise apartment building under free floating conditions during a typical summer
week in Observatory station using weather data simulated by WRF.
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Figure 5. Indoor air temperature and ambient temperature for three scenarios including reference scenario,
reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a new high-rise apartment building under free floating conditions during a typical summer
week in Richmond station using weather data simulated by WRF.



During a typical summer
week, the indoor air
temperature of the
reference scenario ranges
between 25.6-3 5.9 °C

and 25.8-39.2°Cin
Observatory and Richmond
stations, respectively.

Reference scenario vs scenario 1
Reference scenario vs scenario 2

Indoor Air Temperature (°C)
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Figure 6. Indoor temperature difference between reference scenario versus reference with cool roof scenario

For Scenario 1 (building-
scale), the maximum
indoor temperature
reduction is estimated

to be 0.3°Cand 0.4°Cin
Observatory and Richmond
stations, respectively.

For Scenario 2 (combined
building- and urban-scale),
the maximum indoor
temperature reduction
increases up to 1.5 °C

and 1.5 °C in Observatory
and Richmond stations,
respectively.

(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a new high-rise apartment building under free-floating conditions during a typical summer week in
Observatory station using weather data simulated by WRF.
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Figure 7. Indoor temperature difference between reference scenario versus reference with cool roof scenario

(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a new high-rise apartment building under free-floating conditions during a typical summer week in
Richmond station using weather data simulated by WRF.



d Reference scenario and scenario; estimated
for weather stations presenting the lowest and
highest ambient temperatures in Sydney (i.e.
Observatory Hill and Richmond) using annual
measured weather data.

4

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A

TYPICAL COLD PERIOD UNDER TWO

SCENARIOS?

During a typical winter
week, the indoor air
temperature is expected
to decrease slightly from
a range 14.6-22.1 °Cin
reference scenario to

a range 14.6-22.0°C in
scenario 1 in Observatory
Hill station.
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Figure 8. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new high-rise apartment building under free-floating
condition during a typical winter week in Observatory station using annual measured weather data.

The indoor air temperature
is predicted to reduce
from a range 10.9-21.3

°C in reference scenario
toarange 10.9-21.2°Cin
scenario 1 in Richmond
station.
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Figure 9. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new high-rise apartment building under free-floating
condition during a typical winter week in Richmond station using annual measured weather data.
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For Scenario 1, the average
maximum indoor air
temperature reduction by
building-scale application
of cool roofs is predicted to
be just 0.1 °C and 0.1 °Cin
Observatory and Richmond
stations, respectively.
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Figure 10. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a new high-rise apartment building under free-floating conditions during a typical winter
month in Observatory station using annual measured weather data.
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Figure 11. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a new high-rise apartment building under free-floating conditions during a typical winter
month in Richmond station using annual measured weather data.
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NUMBER OF HOURS WITH INDOOR AIR
€ For free-floating condition in weather stations T E M P E RATU R E B E LOW /I 9 ° C D U RI N G
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Table 5. Number of hours with indoor air temperature below 19 °C in free-floating mode during a typical winter
month using annual measured weather data.

Stations Reference Scenario 1

During a typiCCl/ winter scenario Reference with )
month, the total number cool roof scenario
of hours with an indoor
air temperature (<19 °C) Observatory 429 436
is predicted to slightl

p shty Richmond 566 576

increase from 429 hours in
reference scenario to 436
hours, and from 566 to
576 hours in scenario 1 in
Observatory and Richmond
stations, respectively.

Table 6. Number of hours with indoor air temperature above 26 °C in free-floating mode during a typical summer
month using weather data simulated by WRF.

. . Stations Reference Scenario 1 Scenario 2
During a typical summer scenario Reference with Cool roof with
month, the total number cool roof scenario  modified urban
of hours with an indoor W LT

. . scenario
air temperature (>26 °C) is
predicted to significantly Observatory 480 464 377
decreased from 480 hours
in reference scenario Richmond 568 556 464

to 464 and 377 hours
under scenario 1 and 2 in
Observatory station; and
from 568 hours in
reference scenario to

556 and 464 hours
under scenario 1 and

2 in Richmond station,
respectively.
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ECONOMIC FEASIBILITY OF COOL ROOFS:
EVALUATION OF REFURBISHMENT

The ‘Do Nothing’ approach
has a cost that is always
higher than that of

the Coating Cool Roof,
resulting in reductions of
life cycle costs of between
19,0 and 21,3 %

Table 7.

Building 10 is a good
example of what happens
when a cool roof is to

be applied in an already
insulated, energy efficient
high-rise building. Its
contribution is not
dramatic, but it is still
positive and feasible, when
using the less cost-intensive
cool coating option.

The building and its energy performance

Building 10 is a new, high-rise apartment building, with a total air-conditioned area
of 4.992 m? distributed on six levels. The 624 m? roof is insulated, resulting in a good
energy performance of the building, hence limiting the energy savings' potential due
to the cool roof of no more than 1,7%. The main features of the building’s energy
performance both for Observatory and Richmond stations are presented in Table 7.

Energy performance features of Building 10.

Energy performance features Observatory Richmond
Energy consumption prior cool roof (MWh) 59,1 93,8
Energy consumption after cool roof (MWh) 58,1 92,6
Energy savings (MWh) 1,0 1,2
Energy savings (%) 1,69 % 1,28 %
Area (m?) 624 624
Roof costs - Metal roof (AU$/m?) 38,0 38,0
Roof costs - Coating (AU$/m?) 22,75 22,75
Life expectancy - Metal roof (years) 28,5 28,5
Life expectancy - Coating (years) 22,5 22,5
HVACs COP 2,5 2,5
Existing roof's renovation costs (AU$/m?) 15,0 15,0

The cool roof refurbishment options

Two possible options are being considered for reducing energy loads by utilizing
cool technologies on the roof:

+ A metal roof with cool characteristics is installed on top of the existing roof
+ A cool coating is applied on the existing roof

Both options have the same energy efficiency, resulting in energy savings of 1,69 %
for the Observatory weather conditions and of 1,28 % for the Richmond conditions.
The metal roof option has higher investment costs, but also a greater life expectancy,
namely of 28,5 vs. 22,5 years, as presented in Table 7.



the Metal Cool Roof option
is not feasible, given its
high initial cost and the
limited energy savings.

Feasibility analysis results

The analysis has been carried out for two electricity prices scenarios, one for a low
initial price of 150 AU$/MWh and one for a high, of 290 AU$/MWh. The results of the
Life Cycle Cost analysis are presented in Figure 12 for Observatory and Richmond

weather conditions, respectively.

Life Cycle Cost of Building 10

Richmond High Energy Price

Richmond Low Energy Price

Obervatory Hills High Energy Price

Obervatory Hills Low Energy Price

0 100,000200,000300,000400,000500,000600,000 700,000 800,000

® Coating Cool Roof  mMetal Cool Roof  ® Do Nothing

Figure 12. Life Cycle Costs for Building 10 for Observatory and Richmond stations.

Table 8. Reduction of Life Cycle Costs, compared to the ‘Do Nothing' approach.

The feasibility analysis has been carried out by four methods, namely Net Present
Value, Internal Rate of Return, Payback Period and Life Cycle Cost.
implementation of cool roofs techniques is not a revenue generating investment,
the determining factor is the Life Cycle Cost, in the sense that the solution that
ensures its minimization is the most suitable one. As we are examining a retrofitting,
the Life Cycle Cost of the “Do nothing” scenario does not consider the construction
cost, but only a refurbishment of the existing roof after 15 years.

Since the

Reduction of Life  Observatory Richmond

Cycle Costs
Low Energy High Energy  Low Energy High Energy
Price Price Price Price

Metal Cool Roof - -- -- --

Coating Cool Roof 19,01 % 20,89 % 20,12 % 21,32 %

12



CONCLUSIONS

+ It is estimated that both building-
scale and combined building-scale and
urban-scale application of cool roof can
significantly reduce the cooling load
of a new high-rise apartment building
during the summer season . Overall,
the simulation results indicate that the
cooling load reductions by cool roofs can
be significant if they are implemented at
an urban scale.

* In the eleven weather stations in
Sydney, the building-scale application of
cool roofs can decrease the two summer
months total cooling load of a new high-
rise apartment from 13.5-19.1 kWh/m?
to 12.9-18.4 kWh/m?. As computed, the
two summer months total cooling load
saving by building-scale application
of cool roofs is around 0.5-0.7 kWh/
m2. This is equivalent to approximately
3.1-4.4 % total cooling load reduction
in reference with cool roof scenario
(scenario 1) compared to the reference
case scenario (See Table 1 and 2 and
Figures 1 and 2).

* In the eleven weather stations in
Sydney, the combined building-scale
and urban-scale application of cool roofs
is estimated to reduce the two summer
months total cooling by 5.2-7.1 kWh/m?2.
This is equivalent to 31.3-48.3 % total
cooling load reduction in cool roof and
modified urban temperature scenario
(scenario 2) compared to the reference
scenario (See Table 1 and 2 and Figures
2 and 3).

« The annual cooling and heating
simulation using annual measured
weather data illustrate that the annual
heating penalty (0.2-0.5 kWh/m?) is lower
than the annual cooling load reduction
(0.5-1.4 kWh/m?). As calculated, the
annual cooling load saving by building-
scale application of cool roofs is around
2.4-7.0 %. The annual total cooling and
heating load saving by building-scale

application of cool roofs ranges between
0.3 and 1.2 kWh/m? (~0.7-3.3 %) (See
Table 3 and 4).

+ During a typical summer week and
under free floating condition, the indoor
airtemperature of the reference scenario
ranges between 25.6-3 5.9 °C and 25.8-
39.2 °C in Observatory and Richmond
stations, respectively. When cool roofs
are applied at a building scale (scenario
1), the maximum indoor temperature
reduction is estimated to be 0.3 and 0.4
°Cin Observatory and Richmond stations,
respectively. The indoor air temperature
reduction is foreseen to increase further
to 1.5 and 1.5 °C by combined building-
scale and urban-scale application of cool
roofs (scenario 2) in Observatory and
Richmond stations, respectively (See
Figures 4-7).

+ During a typical summer week, the
ambient air temperature is predicted to
decrease from arange between 19.2 and
39.8 °C in reference scenario to a range
between 18.1 and 38.9 °Ciin cool roof and
modified urban temperature scenario
(scenario 2) in Observatory station. The
ambient temperature reduction in cool
roof and modified urban temperature
scenario (scenario 2) compared to the
reference scenario is approximately
0.6-1.6 °C. Similarly, the ambient
temperature is predicted to decrease
from 17.2-44.7 °C in reference scenario
to 15.9-43.6 °C in cool roof and modified
urban temperature scenario (scenario
2) in Richmond station. The estimated
ambient temperature reduction is 0.7-
1.7 °C in Richmond station (See Figures
4 and 6).

* During a typical winter week and under
free floating condition, the indoor air
temperature is expected to slightly
decrease from arange between 14.6 and
22.1 °C in reference scenario to a range
between 14.6 and 22.0 °C in reference




with cool roof scenario (scenario 1) in
Observatory Hill station (See Figure 8).
Similarly, the indoor air temperature
is predicted to slightly reduce from
a range between 10. 9 and 21.3 °C in
reference scenario to a range between
10.9 and 21.2 °C in reference with cool
roof scenario (scenario 1) in Richmond
station (See Figures 8 and 9).

+ During a typical winter month
and under free floating condition,
the average maximum indoor air

temperature reduction by building-scale
application of cool roofs is predicted to
be just 0.1 and 0.1 °C for Observatory
and Richmond stations, respectively.
Positively, ~ temperature decrease
happens mainly during the non-heating
period when indoor temperature is
higher than the threshold (See Figures
10 and 11).

+ During a typical winter month and
under free floating condition, the total
number of hours with an indoor air
temperature below 19 °C is predicted
to increase slightly from 429 hours
in reference scenario to 436 hours
in reference with cool roof scenario
(scenario 1) in Observatory station..
The estimations for Richmond stations
also show a slightly increase in total
number of hours below 19 °C from 566
hours in reference scenario to 576 hours
in reference with cool roof scenario
(scenario 1) (See Table 5).

+ During a typical summer month and
under free-floating condition, use of
cool roofs is predicted to significantly
decrease the number of hours above
26 °C. As computed, the number of
hours above 26 °C is 480 hours under
the reference scenario in Observatory
station, which significantly decreases
to 464 and 377 hours under the
reference with cool roof scenario
(scenario 1) and cool roof and modified

urban temperature scenario (scenario
2), respectively. The simulations in
Richmond station also illustrate a
significant reduction in number of
hours above 26 °C from 568 hours in
reference scenario to 556 in reference
with cool roof scenario (scenario 1) and
464 hours in cool roof and modified
urban temperature scenario (scenario
2), respectively (See Table 6).

* As it can be deduced from the
feasibility analysis, despite the limited
energy saving potential, the ‘Do Nothing’
approach has a cost that is always higher
than that of the Coating Cool Roof,
resulting in reductions of life cycle costs
of between 19,0 and 21,3 % as it can be
seen in Table 8. On the contrary, the
Metal Cool Roof option is not feasible,
given its high initial cost and the limited
energy savings. Building 10 is in that
sense a good example of what happens
when a cool roof is to be applied in
an already insulated, energy efficient
high-rise building. Its contribution is
not dramatic, but it is still positive and
feasible, when using the less cost-
intensive cool coating option.
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Floor area :242m?
Number of stories 01

Image source: https://www.newhomesguide.

com.au/builders/long-island-homes/homes/new-

BUILDING 11

EXISTING STANDALONE HOUSE

homes/moonbi-240

Note: building characteristics change with climate
zones

Reference scenario

Reference building as described in
Appendix with a conventional roof.
Use of two sets of climatic data
including one climatic data simulated
by Weather Research Forecast (WRF)
for the current condition for two
summer months and one measured
annual weather data.

Scenario 1:
Reference with cool roof scenario

Same building as in the reference
scenario with a cool roof. Use of two
sets of climatic data including one
climatic data simulated by WRF for
the current condition for two summer
months and one measured annual
weather data.

Scenario 2:
Cool roof with modified urban
temperature scenario

Same building as in the reference
scenario with a cool roof. Use of
climatic data simulated by WRF
considering an extensive use of cool
roofs in the city.

Project name : Cool Roofs Cost Benefit Analysis Study
Project number : PRI-00004295

Date : 15 September 2021

Report contact : Prof Mattheos Santamouris
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9 Reference scenario, scenario 1, and scenario 2;
estimated for eleven weather stations in Sydney
using weather data simulated by WRF.

1

SENSIBLE AND TOTAL COOLING LOAD
FOR TWO SUMMER MONTHS UNDER

THREE SCENARIOS®

Table 1. Sensible and total cooling load for an existing stand-alone house for two summer months (i.e. January and
February) under three scenarios including reference scenario, reference with cool roof scenario (scenario
1), and cool roof with modified urban temperature scenario (scenario 2) with weather data simulated by
WREF for COP=1 for heating and cooling.

The building-scale
application of cool roofs
can decrease the two
summer months total
cooling load of an existing
standalone house from
15.3-19.3 kWh/m? to 8.2-
11.7 kWh/m?.

Stations Reference Scenario 1 Scenario 2
scenario Reference with Cool roof with
cool roof modified urban
scenario temperature
scenario
Sensible  Total Sensible  Total Sensible  Total
cooling cooling cooling cooling cooling cooling
(kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)
Sydney Airport 9.4 15.3 4.5 8.6 3.1 4.6
Terry Hill 10.7 15.3 5.2 8.3 4.5 6.1
Bankstown 11.5 16.6 6.2 10.1 4.9 6.2
Canterbury 9.8 15.4 4.9 8.8 3.7 5.4
Observatory 9.2 14.9 4.4 8.2 34 53
Richmond 15.1 19.3 8.6 11.7 7.6 8.9
Penrith 13.1 17.0 7.4 10.4 6.5 7.7
Horsley Park 12.6 16.7 7.0 10.0 6.0 7.5
Camden 13.3 16.8 7.7 10.3 6.6 7.5
Olympic Park 11.1 16.5 6.0 9.9 4.9 6.8
Campbelltown  12.2 16.3 6.7 9.7 5.7 6.8

Table 2. Sensible and total cooling load saving for an existing stand-alone house for reference scenario versus
reference with cool roof scenario (scenario 1), and reference scenario versus cool roof with modified
urban temperature scenario (scenario 2) for two summer months (i.e. January and February) with weather
data simulated by WRF for COP=1 for heating and cooling.

For Scenario 1, the total
cooling load saving is
around 6.5-7.6 kWh/m?
which is equivalent to 38.7-
45.8 % of total cooling load
reduction.

For Scenario 2, the total
cooling load saving is
around 9.2-10.7 kWh/m?
which is equivalent to 53.9-
69.9 % total cooling load
reduction.

Stations Reference scenario versus Reference scenario versus
Reference with cool roof Cool roof with modified urban
scenario (Scenario 1) temperature scenario

(Scenario 2)
Sensible cooling  Total cooling Sensible cooling  Total cooling
kWh/m? % kWh/m? % kWh/m? % kWh/m? %

Sydney Airport 4.9 52.1 6.7 43.8 6.3 67.0 10.7 69.9

Terry Hill 5.5 51.4 7.0 45.8 6.2 57.9 9.2 60.1

Bankstown 5.3 46.1 6.5 39.2 6.6 57.4 10.4 62.7

Canterbury 4.9 50.0 6.6 42.9 6.1 62.2 10.0 64.9

Observatory 4.8 52.2 6.7 45.0 5.8 63.0 9.6 64.4

Richmond 6.5 43.0 7.6 39.4 7.5 49.7 10.4 53.9

Penrith 5.7 43.5 6.6 38.8 6.6 50.4 9.3 54.7

Horsley Park 5.6 44.4 6.7 40.1 6.6 52.4 9.2 55.1

Camden 5.6 42.1 6.5 38.7 6.7 50.4 9.3 55.4

Olympic Park 5.1 45.9 6.6 40.0 6.2 55.9 9.7 58.8

Campbelltown 5.5 45.1 6.6 40.5 6.5 53.3 9.5 58.3
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In the eleven weather
stations in Sydney, both
building-scale and the
combined building-

scale and urban scale
application of cool roofs
can reduce the cooling load
of the existing standalone
house during the summer
season.

Figure 1. Spatial distribution of total cooling load for reference scenario for two summer months (i.e. January and
February) for a typical existing stand-alone house with weather data simulated by WRF for COP=1 for
heating and cooling.

Overall, the simulation
results indicate that the
cooling load reductions
by cool roofs can be
significant if they are
implemented at an urban
scale.

Figure 2. Spatial distribution of total cooling load for reference with cool roof scenario (scenario 1) for two summer
months (i.e. January and February) for a typical existing stand-alone house with weather data simulated by
WREF for COP=1 for heating and cooling.
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Figure 3. Spatial distribution of total cooling load for cool roof with modified urban temperature scenario (scenario
2) for two summer months (i.e. January and February) for a typical existing stand-alone house with weather
data simulated by WRF for COP=1 for heating and cooling.
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Table 3. Annual cooling and heating loads for an existing stand-alone house for two scenarios including reference
scenario and reference with cool roof scenario (scenario 1) using annual measured weather data for
COP=1 for heating and cooling.

h / Ji Stations Reference Scenario 1

The annual coo ng scenario Reference with

and heating simulation cool roof scenario

usmg annual measured Annual Annual Annual Annual

weather data illustrates cooling load heating load cooling load heating load

that the Gnnual heating (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)

penalty (2_ 8-4.9 kWh/mZ) Sensible Total Sensible Total Sensible Total Sensible Total

is Significantl)/ lower than Sydney Airport 16.6 23.6 13.8 16.4 8.6 13.4 16.4 19.2

the annual Coo//ng load Terry Hill 15.6 22.4 19.5 23.2 6.2 9.9 24.0 28.1

reduction (10.2-16.1 kWh/ Bankstown 206 278 192 229 104 155 231  27.0

m). Canterbury 181 249 186 222 81 124 227 267
Observatory 17.7 23.8 15.3 17.9 7.9 11.9 18.6 21.6
Richmond 23.4 31.6 20.8 25.0 12.3 18.2 25.0 29.4
Penrith 27.1 36.1 18.9 22.7 13.5 20.0 22.6 26.7
Horsley Park 22.0 28.1 20.9 24.8 10.3 14.3 25.0 29.2
Camden 20.2 25.3 23.2 27.8 9.9 13.2 28.1 33.0
Olympic Park 22.1 31.4 18.0 21.6 10.2 16.6 21.4 25.2
Campbelltown 19.8 24.3 23.5 28.1 9.1 11.9 28.0 33.0

Table 4. Annual cooling load saving, heating load penalty, and total cooling and heating saving for reference
scenario versus reference with cool roof scenario (scenario 1) for an existing stand-alone house using
annual measured weather data for COP=1 for heating and cooling.

. Stations Annual Annual Annual total
The.annual CQO/’ng load cooling load heating load cooling & heating load
saving by building-scale saving penalty saving
application of cool roofs is
GI’OUI’)d 42.4-55.8 0/0. Sensible Total Sens. Total Sensible Total
KWh/m? % KWh/m? % kWh/m? kWh/m? % kWh/m? %

; Sydney Airport 80 482 102 432 26 28 54 178 74 185
The annual total cooling ydney Airpor

and heating load saving by Terry Hill 94 603 125 558 45 49 49 140 76 167
building-scale application Bankstown 102 495 123 442 39 41 63 158 82 162
of cool roofs ranges Canterbury 100 552 125 502 41 45 59 161 80 170

between 6.9 and 12.1 kWh/

Observator 9.8 55.4 11.9 50.0 3.3 3.7 6.5 19.7 8.2 19.7
m? (~13.0-21.1 %). Y

Richmond 1.1 474 134 424 42 4.4 6.9 15.6 9.0 15.9

Penrith 136 502 16.1 446 3.7 4.0 9.9 215 121 20.6

Horsley Park 117 532 138 491 4.1 4.4 7.6 17.7 94 17.8

Camden 103 51.0 121 478 4.9 5.2 5.4 124 6.9 13.0

OlympicPark 119 53.8 148 471 34 3.6 8.5 212 112 2141

Campbelltown 10.7 54.0 124 51.0 45 4.9 6.2 143 75 14.3




¢ Reference scenario, scenario 1, and scenario

2; estimated for weather stations presenting

the lowest and highest ambient temperatures in
Sydney (i.e. Observatory Hill and Richmond) using
weather data simulated by WRF.

3

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FRE
FLOATING CONDITION DURING A

F-

TYPICAL WARM PERIOD UNDER THREE

SCENARIOS®

During a typical summer
week, the ambient air
temperature is predicted
to decrease from a range
19.2-39.8 °C in reference
scenario to a range 18.1-
38.9 °in scenario 2 in
Observatory station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.6-1.6 °C compared to
the reference scenario in
Observatory station.
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Figure 4. Indoor air temperature and ambient temperature for three scenarios including reference scenario,
reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for an existing stand-alone house under free floating conditions during a typical summer week

For scenario 2, the ambient
temperature is predicted to
decrease from 17.2-44.7°C
in reference scenario to
15.9-43.6°C in Richmond
station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.7-1.7 °C compared to
the reference scenario in
Richmond station.

in Observatory station using weather data simulated by WRF.
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Figure 5. Indoor air temperature and ambient temperature for three scenarios including reference scenario,
reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for an existing stand-alone house under free floating conditions during a typical summer week

in Richmond station using weather data simulated by WRF.



During a typical summer
week, the indoor air
temperature of the
reference scenario ranges
between 23.6-40.2 °C

and 23.3- 43.6 °Cin
Observatory and Richmond
stations, respectively.
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Figure 6. Indoor temperature difference between reference scenario versus reference with cool roof scenario

For Scenario 1 (building-
scale), the maximum
indoor temperature
reduction is estimated
tobe4.8°Cand 5.2°Cin
Observatory and Richmond
stations, respectively.

For Scenario 2 (combined
building- and urban-scale),
the maximum indoor
temperature reduction
increases up to 5.8 °C

and 6.1 °C in Observatory
and Richmond stations,
respectively.

(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a existing stand-alone house under free-floating conditions during a typical summer week in
Observatory station using weather data simulated by WRF.
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Figure 7. Indoor temperature difference between reference scenario versus reference with cool roof scenario

(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a existing stand-alone house under free-floating conditions during a typical summer week in
Richmond station using weather data simulated by WRF.



d Reference scenario and scenario; estimated
for weather stations presenting the lowest and
highest ambient temperatures in Sydney (i.e.
Observatory Hill and Richmond) using annual
measured weather data.

4

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL COLD PERIOD UNDER TWO
SCENARIOS?

During a typical winter
week, the indoor air
temperature is expected
to decrease from a range
11.3-23.7 °C in reference
scenario to a range 11.1-

— Indoor air temp-Reference scenario

Indoor air temp-Scenario 1
Ambient temp.

22.1°Cin scenario 1in
Observatory Hill station.

Temperature (°C)
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Figure 8. Indoor air temperature and ambient temperature for two scenarios including reference scenario and

reference with cool roof scenario (scenario 1) for a typical existing stand-alone house under free-floating
condition during a winter week in Observatory station using annual measured weather data.

is predicted to reduce
from a range 7.4-23.2
°C in reference scenario
toarange 7.1-21.9°C in
scenario 1 in Richmond
station.

The indoor air temperature
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Figure 9. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a typical existing stand-alone house under free-floating
condition during a winter week in Richmond station using annual measured weather data.
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Figure 10. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a existing stand-alone house under free-floating conditions during a typical winter month
in Observatory station using annual measured weather data.
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Figure 11. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a existing stand-alone house under free-floating conditions during a typical winter month
in Richmond station using annual measured weather data.
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NUMBER OF HOURS WITH INDOOR AIR
€ For free-floating condition in weather stations T E M P E RATU R E B E LOW /I 9 ° C D U RI N G
presentmgthe'lfwestanq highest ambient‘ A TYP | CAL CO |_ D P E R | O D AN D AB O\/E
it g i e e 26°C DURING A TYPICAL WARM PERIODE

Table 5. Number of hours with indoor air temperature below 19 °C in free-floating mode during a typical winter
month using annual measured weather data.

Stations Reference Scenario 1

During a typiCCl/ winter scenario Reference with )
month, the total number cool roof scenario
of hours with an indoor
air temperature (<19 °C) is Observatory 504 578
predicted to considerably _

Richmond 563 621

increase from 504 hours in
reference scenario to 578
hours; and from 563 to

621 hours in scenario 1 in
Observatory and Richmond
stations, respectively.

Table 6. Number of hours with indoor air temperature above 26 °C in free-floating mode during a typical summer
month using weather data simulated by WRF.

Duri tvoical Stations Reference Scenario 1 Scenario 2
uring a typical summer scenario Reference with Cool roof with
month, the total number cool roof scenario  modified urban
of hours with an indoor temperature

. . scenario
air temperature (>26 °C) is
predicted to significantly Observatory 397 273 213
decrease from 397 hours
in reference scenario Richmond 431 342 287

to 273 and 213 hours
under scenario 1 and 2 in
Observatory station; and
from 431 hours in
reference scenario to

342 and 287 hours
under scenario 1 and

2 in Richmond station,
respectively.
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ECONOMIC FEASIBILITY OF COOL ROOFS:
EVALUATION OF REFURBISHMENT

The ‘Do Nothing’ approach
has a cost that is always
higher than that of the
Coating Cool Roof Cool,
resulting in reductions of
life cycle costs of between
15,57 and 25,84 %

(Table 8).

Table 7.

Building 11 is an
interesting example of
what happens when a
cool roof is to be applied
in a small building,

with low in absolute
terms energy costs. Its
contribution is important,
but to be feasible the initial
investment costs must be
low. Hence, the less cost-
intensive cool coating
option is the preferable
choice.

The building and its energy performance

Building 11 is an existing stand-alone house, with a total air-conditioned area of
242 m? distributed on one level. 242 m? roof is insulated, resulting in a good energy
performance of the building. However, since the roof has a big impact on the single
floor building, the energy savings’ potential due to the cool roof is quite significant.
The main features of the building's energy performance both for Observatory and
Richmond stations are presented in Table 7.

Energy performance features of Building 11.

Energy performance features Observatory Richmond
Energy consumption prior cool roof (MWh) 4,0 5,5
Energy consumption after cool roof (MWh) 3,2 4,6
Energy savings (MWh) 0,8 0,9
Energy savings (%) 20,00 % 16,36 %
Area (m?) 242 242
Roof costs - Metal roof (AU$/m?) 38,0 38,0
Roof costs - Coating (AU$/m?) 22,75 22,75
Life expectancy - Metal roof (years) 28,5 28,5
Life expectancy - Coating (years) 22,5 22,5
HVACs COP 2,5 2,5
Existing roof's renovation costs (AU$/m?) 15,0 15,0

The cool roof refurbishment options

Two possible options are being considered for reducing energy loads by utilizing
cool technologies on the roof:

+ A metal roof with cool characteristics is installed on top of the existing roof
+ A cool coating is applied on the existing roof

Both options have the same energy efficiency, resulting in energy savings of 20,00%
for the Observatory weather conditions and of 18,36% for the Richmond conditions.
The metal roof option has higher investment costs, but also a greater life expectancy,
namely of 28,5 vs. 22,5 years, as presented in Table 7.



The Metal Cool Roof option
is not feasible, except

for the high energy price
scenario for Richmond
given its high initial cost
and the low, in absolute
terms, energy costs.

Feasibility analysis results

The feasibility analysis has been carried out by four methods, namely Net Present
Value, Internal Rate of Return, Payback Period and Life Cycle Cost. Since the
implementation of cool roofs techniques is not a revenue generating investment,
the determining factor is the Life Cycle Cost, in the sense that the solution that
ensures its minimization is the most suitable one. As we are examining a retrofitting,
the Life Cycle Cost of the “Do nothing” scenario does not consider the construction
cost, but only a refurbishment of the existing roof after 15 years.

The analysis has been carried out for two electricity prices scenarios, one for a low
initial price of 150 AU$/MWh and one for a high, of 290 AU$/MWh. The results of the
Life Cycle Cost analysis are presented in Figure 12 for Observatory and Richmond
weather conditions, respectively.

Life Cycle Cost of Building 11

Richmand High Energy Price
Richmand Low Fnergy Price
Obervatery Hills High Energy Price

Obervatory Hills Low Energy Price

0 10,000 20,000 30,000 40,000 50,000

M Coating Cool Roof B Metal Coal Roof B Da Nathing

Figure 12. Life Cycle Costs for Building 11 for Observatory and Richmond stations.

Table 8. Reduction of Life Cycle Costs, compared to the ‘Do Nothing' approach.

Reduction of Life  Observatory Richmond
Cycle Costs
Low Energy High Energy  Low Energy High Energy
Price Price Price Price
Metal Cool Roof -- -- -- 1,93 %
Coating Cool Roof 15,57 % 25,45 % 18,36 % 25,84 %
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CONCLUSIONS

+ It is estimated that both building-
scale and combined building-scale and
urban-scale application of cool roof can
significantly reduce the cooling load of
an existing standalone house during the
summer season.

* In the eleven weather stations in
Sydney, the building-scale application of
cool roofs can decrease the two summer
months total cooling load of a new high-
rise apartment from 15.3-19.3 kWh/m?
to 8.2-11.7 kWh/m2. As computed, the
two summer months total cooling load
saving by building-scale application
of cool roofs is around 6.5-7.6 kWh/
m2. This is equivalent to approximately
38.7-45.8 % total cooling load reduction
in reference with cool roof scenario
(scenario 1) compared to the reference
case scenario (See Table 1 and 2 and
Figures 1 and 2).

* In the eleven weather stations in
Sydney, the combined building-scale
and urban-scale application of cool roofs
is estimated to reduce the two summer
months total cooling by 9.2-10.7 kWh/
m2. This is equivalent to 53.9-69.9 % total
cooling load reduction in cool roof and
modified urban temperature scenario
(scenario 2) compared to the reference
scenario (See Table 1 and 2 and Figures
2 and 3).

* The annual cooling and heating
simulation using annual measured
weather data illustrate that the annual
heating penalty (2.8-4.9 kWh/m?) is lower
than the annual cooling load reduction
(10.2-16.1 kWh/m?). As calculated, the
annual cooling load saving by building-
scale application of cool roofs is around
42.4-55.8 %. The annual total cooling
and heating load saving by building-scale
application of cool roofs ranges between
6.9 and 12.1 kWh/m? (~13.0-21.1%) (See
Table 3 and 4).

+ During a typical summer week and
under free floating condition, the indoor
airtemperature of the reference scenario
ranges between 23.6-40.2 °C and 23.3-
43.6 °C in Observatory and Richmond
stations, respectively. When cool roofs
are applied at a building scale (scenario
1), the maximum indoor temperature
reduction is estimated to be 4.8 and 5.2
°Cin Observatory and Richmond stations,
respectively. The indoor air temperature
reduction is foreseen to increase further
to 5.8 and 6.1 °C by combined building-
scale and urban-scale application of cool
roofs (scenario 2) in Observatory and
Richmond stations, respectively (See
Figures 4-7).

* During a typical summer week, the
ambient air temperature is predicted to
decrease from arange between 19.2 and
39.8 °C in reference scenario to a range
between 18.1 and 38.9 °Ciin cool roof and
modified urban temperature scenario
(scenario 2) in Observatory station. The
ambient temperature reduction in cool
roof and modified urban temperature
scenario (scenario 2) compared to the
reference scenario is approximately
0.6-1.6 °C. Similarly, the ambient
temperature is predicted to decrease
from 17.2-44.7 °C in reference scenario
to 15.9-43.6 °C in cool roof and modified
urban temperature scenario (scenario
2) in Richmond station. The estimated
ambient temperature reduction is 0.7-
1.7 °C in Richmond station (See Figures
4 and 6).

* During a typical winter week and under
free floating condition, the indoor air
temperature is expected to decrease
from a range between 11. 3 and 23.7 °C
in reference scenario to a range between
11.1 and 22.1 °C in reference with cool
roof scenario (scenario 1) in Observatory
Hill station (See Figure 8).




Similarly, the indoor air temperature is
predicted to slightly reduce from a range
between 7.4 and 23.2 °C in reference
scenario to arange between 7.1 and 21.9
°C in reference with cool roof scenario
(scenario 1) in Richmond station (See
Figures 8 and 9).

+ During a typical winter month
and under free floating condition,
the average maximum indoor air

temperature reduction by building-scale
application of cool roofs is predicted to
be just 1.9 and 1.9 °C for Observatory
and Richmond stations, respectively.
Positively, ~ temperature decrease
happens mainly during the non-heating
period when indoor temperature is
higher than the threshold (See Figures
10 and 11).

+ During a typical winter month and
under free floating condition, the total
number of hours with an indoor air
temperature below 19 °C is predicted to
considerably increase from 504 hours
in reference scenario to 578 hours
in reference with cool roof scenario
(scenario 1) in Observatory station. The
estimations for Richmond stations also
show a slightly increase in total number
of hours below 19 °C from 563 hours
in reference scenario to 621 hours
in reference with cool roof scenario
(scenario 1) (See Table 5).

+ During a typical summer month and
under free-floating condition, use of
cool roofs is predicted to significantly
decrease the number of hours above
26 °C. As computed, the number of
hours above 26 °C is 397 hours under
the reference scenario in Observatory
station, which significantly decreases to
276 and 213 hours under the reference
with cool roof scenario (scenario 1)
and cool roof and modified urban
temperature scenario (scenario 2),
respectively.

The simulations in Richmond station
also illustrate a significant reduction
in number of hours above 26 °C from
431 hours in reference scenario to 342
in reference with cool roof scenario
(scenario 1) and 287 hours in cool
roof and modified urban temperature
scenario (scenario 2), respectively (See
Table 6).

+ As it can be deduced from the feasibility
analysis, the ‘Do Nothing' approach has
a cost that is always higher than that of
the Coating Cool Roof Cool, resulting in
reductions of life cycle costs of between
15,57 and 25,84 % as it can be seen in
Table 8. On the contrary, the Metal
Cool Roof option is not feasible, except
for the high energy price scenario for
Richmond given its high initial cost and
the low, in absolute terms, energy costs.
Building 11 is in that sense an interesting
example of what happens when a cool
roof is to be applied in a small building,
with low in absolute terms energy costs.
Its contribution is important, but to be
feasible the initial investment costs must
be low. Hence, the less cost-intensive
cool coating option is the preferable
choice.
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Floor area :1100m?
Number of stories 13

Image source: Pavia National High School,
Evangelista St., Pavia, lloilo

Note: building characteristics change with climate
zones

Reference scenario

Reference building as described in
Appendix with a conventional roof.
Use of two sets of climatic data
including one climatic data simulated
by Weather Research Forecast (WRF)
for the current condition for two
summer months and one measured
annual weather data.

BUILDING 12

EXISTING SCHOOL

Scenario 1:
Reference with cool roof scenario

Same building as in the reference
scenario with a cool roof. Use of two
sets of climatic data including one
climatic data simulated by WRF for
the current condition for two summer
months and one measured annual
weather data.

Scenario 2:
Cool roof with modified urban
temperature scenario

Same building as in the reference
scenario with a cool roof. Use of
climatic data simulated by WRF
considering an extensive use of cool
roofs in the city.

Project name : Cool Roofs Cost Benefit Analysis Study
Project number : PRI-00004295

Date : 15 September 2021

Report contact : Prof Mattheos Santamouris
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Figure 10. Indoor air temperature difference between reference scenario vs reference with cool

roof scenario (scenario 1) during a typical winter month in Observatory station 9
Figure 11. Indoor air temperature difference between reference scenario vs reference with cool

roof scenario (scenario 1) during a typical winter month in Richmond station 9

Figure 12. Life Cycle Costs for Building 12 for Observatory and Richmond stations 12



9 Reference scenario, scenario 1, and scenario 2;
estimated for eleven weather stations in Sydney
using weather data simulated by WRF.

1

SENSIBLE AND TOTAL COOLING LOAD
FOR TWO SUMMER MONTHS UNDER
THREE SCENARIOS®

Table 1.

Sensible and total cooling load for an existing school for two summer months (i.e. January and February)
under three scenarios including reference scenario, reference with cool roof scenario (scenario 1), and
cool roof with modified urban temperature scenario (scenario 2) with weather data simulated by WRF for
COP=1 for heating and cooling.

The building-scale
application of cool roofs
can decrease the two
summer months total
cooling load of an existing
school from 26.8-33.5 kWh/
m?to 25.5-32.1 kWh/m?.

Stations Reference Scenario 1 Scenario 2
scenario Reference with Cool roof with
cool roof modified urban
scenario temperature
scenario
Sensible  Total Sensible  Total Sensible  Total
cooling cooling cooling cooling cooling cooling
(kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)
Sydney Airport  14.7 28.1 14.2 26.8 13.0 15.9
Terry Hill 17.9 26.8 17.2 25.5 17.0 20.1
Bankstown 19.4 29.9 18.8 28.7 18.2 20.1
Canterbury 16.0 28.0 15.5 26.8 14.7 17.9
Observatory 14.5 27.4 14.0 26.1 13.7 17.8
Richmond 26.4 33.5 254 321 24.9 26.9
Penrith 24.0 31.0 23.2 29.7 22.7 24.5
Horsley Park 22.6 30.1 21.8 28.8 21.0 23.0
Camden 25.1 31.0 24.3 29.8 23.2 24.3
Olympic Park 18.6 29.7 17.9 28.4 17.9 21.3
Campbelltown 221 29.6 21.3 28.4 20.6 22.2

Table 2. Sensible and total cooling load saving for an existing school for reference scenario versus reference with
cool roof scenario (scenario 1), and reference scenario versus cool roof with modified urban temperature
scenario (scenario 2) for two summer months (i.e. January and February) with weather data simulated by
WREF for COP=1 for heating and cooling.

For Scenario 1, the total
cooling load saving is
around 1.2-1.4 kWh/m?
which is equivalent to 3.9-
4.9 % of total cooling load
reduction.

For Scenario 2, the total
cooling load saving is
around 6.5-12.2 kWh/m?
which is equivalent to 19.7-
43.4 % total cooling load
reduction.

Stations Reference scenario versus Reference scenario versus
Reference with cool roof Cool roof with modified urban
scenario (Scenario 1) temperature scenario

(Scenario 2)
Sensible cooling  Total cooling Sensible cooling  Total cooling
kWh/m? % kWh/m? % kWh/m? % kWh/m? %

Sydney Airport 0.5 3.4 1.3 4.6 1.7 11.6 12.2 434

Terry Hill 0.7 3.9 1.3 49 0.9 5.0 6.7 25.0

Bankstown 0.6 3.1 1.2 4.0 1.2 6.2 9.8 32.8

Canterbury 0.5 3.1 1.2 43 1.3 8.1 10.1 36.1

Observatory 0.5 3.4 1.3 4.7 0.8 5.5 9.6 35.0

Richmond 1.0 3.8 1.4 4.2 1.5 5.7 6.6 19.7

Penrith 0.8 33 1.3 4.2 1.3 5.4 6.5 21.0

Horsley Park 0.8 3.5 1.3 43 1.6 7.1 7.1 23.6

Camden 0.8 3.2 1.2 3.9 1.9 7.6 6.7 21.6

Olympic Park 0.7 3.8 1.3 4.4 0.7 3.8 8.4 28.3

Campbelltown 0.8 3.6 1.2 4.1 1.5 6.8 7.4 25.0




In the eleven weather
stations in Sydney, both
building-scale and the
combined building-

scale and urban scale
application of cool roofs
can reduce the cooling load
of an existing school during
the summer season.

Figure 1. Spatial distribution of total cooling load for reference scenario for two summer months (i.e. January and
February) for aan existing school with weather data simulated by WRF for COP=1 for heating and cooling.

Overall, the simulation
results indicate that the
cooling load reductions
by cool roofs can be
significant if they are
implemented at an urban
scale.

Low : 169 3 o
B i :
Figure 2. Spatial distribution of total cooling load for reference with cool roof scenario (scenario 1) for two summer

months (i.e. January and February) for an existing school with weather data simulated by WRF for COP=1
for heating and cooling.
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Figure 3. Spatial distribution of total cooling load for cool roof with modified urban temperature scenario (scenario
2) for two summer months (i.e. January and February) for an existing school with weather data simulated
by WRF for COP=1 for heating and cooling.
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et 0 UNDER TWO SCENARIOS?

Table 3. Annual cooling and heating loads for an existing school for two scenarios including reference scenario
and reference with cool roof scenario (scenario 1) using annual measured weather data for COP=1 for
heating and cooling.

h / Ji Stations Reference Scenario 1

The annual coo ng scenario Reference with

and heating simulation cool roof scenario

usmg annual measured Annual Annual Annual Annual

weather data illustrates cooling load heating load cooling load heating load

that the annual heat/ng (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)

penalty (0_ 1-0.4 kWh/mZ) Sensible Total Sensible Total Sensible Total Sensible Total

is Significantl)/ lower than Sydney Airport  37.7 53.2 1.6 9.0 36.5 51.3 1.7 9.1

the annual cooling load Terry Hill 270 441 26 152 257 416 27 15.5

reduction (1.9-3.3 kWh/m?). Bankstown 429 575 30 157 414 552 3.1 16.0
Canterbury 35.0 48.4 2.9 18.1 333 45.6 2.9 18.4
Observatory 38.0 49.0 1.7 10.1 36.6 46.7 1.8 10.3
Richmond 46.5 64.8 3.8 20.2 44.8 62.0 3.9 20.5
Penrith 48.2 67.9 3.0 16.6 46.2 64.6 3.0 17.0
Horsley Park 42,7 54.6 3.2 16.8 40.9 51.7 33 17.2
Camden 42.2 51.5 4.3 23.0 40.4 49.1 4.4 23.4
Olympic Park 40.2 61.2 2.8 14.2 38.4 58.1 2.8 14.5
Campbelltown 41.4 49.2 4.1 20.9 39.6 46.7 4.2 21.4

Table 4. Annual cooling load saving, heating load penalty, and total cooling and heating saving for reference scenario
versus reference with cool roof scenario (scenario 1) for an existing school using annual measured
weather data for COP=1 for heating and cooling.

Stations Annual Annual Annual total

The.annual CQO/ing load cooling load heating load cooling & heating load

saving by building-scale saving penalty saving

application of cool roofs is

GI’OUI’)d 3' 6-5.8 %. Sensible Total Sens. Total Sensible Total
KWh/m? % KWh/m? % kWh/m? kWh/m? % kWh/m? %

. SydneyAirport 12 32 19 36 01 01 11 28 18 29
The annual total cooling ydney Airpor

and heatl'ng /Oad saving by Terry Hill 1.3 4.8 2.5 5.7 0.1 0.3 1.2 4.1 2.2 3.7
building-scale application Bankstown 15 35 23 40 01 03 14 31 20 27
of cool roofs ranges Canterbury 17 49 28 58 00 03 17 45 25 38

between 1.8 and 2.9 kWh/

Observator 1.4 3.7 2.3 4.7 0.1 0.2 1.3 3.3 2.1 3.6
m? (~2.7-3.8 %). Y

Richmond 1.7 3.7 2.8 4.3 0.1 0.3 1.6 3.2 2.5 2.9

Penrith 2.0 4.1 3.3 4.9 0.0 0.4 2.0 3.9 2.9 34

Horsley Park 1.8 4.2 2.9 5.3 0.1 0.4 1.7 3.7 2.5 3.5

Camden 1.8 4.3 24 4.7 0.1 0.4 1.7 3.7 2.0 2.7

Olympic Park 1.8 4.5 3.1 5.1 0.0 0.3 1.8 4.2 2.8 3.7

Campbelltown 1.8 4.3 2.5 5.1 0.1 0.5 1.7 3.7 2.0 2.9




¢ Reference scenario, scenario 1, and scenario

2; estimated for weather stations presenting

the lowest and highest ambient temperatures in
Sydney (i.e. Observatory Hill and Richmond) using
weather data simulated by WRF.

3

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL WARM PERIOD UNDER THREE
SCENARIOS®

During a typical summer
week, the ambient air
temperature is predicted
to decrease from a range
19.2-39.8 °C in reference
scenario to a range 18.1-
38.9 °in scenario 2 in
Observatory station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.6-1.6 °C compared to
the reference scenario in
Observatory station.
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Figure 4. Indoor air temperature and ambient temperature for three scenarios including reference scenario,

For scenario 2, the ambient
temperature is predicted to
decrease from 17.2-44.7°C
in reference scenario to
15.9-43.6°C in Richmond
station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.7-1.7 °C compared to
the reference scenario in
Richmond station.

reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for an existing school under free floating conditions during a typical summer week in
Observatory station using weather data simulated by WRF.
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Figure 5. Indoor air temperature and ambient temperature for three scenarios including reference scenario,

reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for an existing school under free floating conditions during a typical summer week in Richmond
station using weather data simulated by WRF.



During a typical summer
week, the indoor air
temperature of the
reference scenario ranges
between 24.2-39.1 °C

and 24.6-43.2 °Cin
Observatory and Richmond
stations, respectively.

Reference scenario vs scenario 1

Reference scenario vs scenario 2

Indoor Air Temperature (°C)
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Figure 6. Indoor temperature difference between reference scenario versus reference with cool roof scenario

For Scenario 1 (building-
scale), the maximum
indoor temperature
reduction is estimated
tobe 0.8°Cand 1.0°Cin
Observatory and Richmond
stations, respectively.

For Scenario 2 (combined
building- and urban-scale),
the maximum indoor
temperature reduction
increases up to 1.8 °C

and 2.0 °C in Observatory
and Richmond stations,
respectively.

(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for an existing school under free-floating conditions during a typical summer week in Observatory station
using weather data simulated by WRF.
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Figure 7. Indoor temperature difference between reference scenario versus reference with cool roof scenario

(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for an existing school under free-floating conditions during a typical summer week in Richmond station
using weather data simulated by WRF.



d Reference scenario and scenario; estimated
for weather stations presenting the lowest and
highest ambient temperatures in Sydney (i.e.
Observatory Hill and Richmond) using annual
measured weather data.

4

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A

TYPICAL COLD PERIOD UNDER TWO

SCENARIOS?

During a typical winter
week, the indoor air
temperature is expected
to decrease from a range
12.5-24.9 °C in reference
scenario to a range 12.5-
24.8°Cin scenario 1 in
Observatory Hill station.
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Figure 8. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for an existing school under free-floating condition during a

The indoor air temperature
is predicted to reduce
from a range 10.0-24.8

°C in reference scenario

to a range 9.9-24.7 °C in
scenario 1 in Richmond
station.

typical winter week in Observatory station using annual measured weather data.
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Figure 9. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for an existing school under free-floating condition during a

typical winter week in Richmond station using annual measured weather data.
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Figure 10. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for an existing school under free-floating conditions during a typical winter month in
Observatory station using annual measured weather data.
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Figure 11. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for an existing school under free-floating conditions during a typical winter month in Richmond
station using annual measured weather data.
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NUMBER OF HOURS WITH INDOOR AIR
€ For free-floating condition in weather stations T E M P E RATU R E B E LOW /I 9 ° C D U RI N G
presentmgthe'lfwestanq highest ambient‘ A TYP | CAL CO |_ D P E R | O D AN D AB O\/E
it g i e e 26°C DURING A TYPICAL WARM PERIODE

Table 5. Number of hours with indoor air temperature below 19 °C in free-floating mode during a typical winter
month using annual measured weather data.

Stations Reference Scenario 1

During a typiCCl/ winter scenario Reference with )
month, the total number cool roof scenario
of hours with an indoor N .

. perational Total Operational Total
air temperature (<19 °C) hours* hours*
is predicted to slightly
. . Observatory 84 383 86 389
increase from 383 hours in
reference scenario to 389 Richmond 106 481 m 495
hOUI’S,’ andfrom 481 to * Operational hours of the building: Monday to Friday, 7 am-6 pm.

495 hours in scenario 1 in
Observatory and Richmond
stations, respectively.

The number operational
hours with air temperature
<19 °C during is expected
to slightly increase from

84 hours in reference
scenario to 86 hours; and
from 106 to 111 hours in
scenario 1 in Observatory
and Richmond stations,
respectively.

Table 6. Number of hours with indoor air temperature above 26 °C in free-floating mode during a typical summer
month using weather data simulated by WRF.

. . Stations Reference Scenario 1 Scenario 2
During a typical summer scenario Reference with Cool roof with
month, the total number cool roof scenario  modified urban
of hours with an indoor HERTEErE LTS

: scenario
air temperature (>26 °C)
is predicted to slightly Observatory 486 471 368

decrease from 486hours
in reference scenario Richmond 533 508 446
to 471 and 368 hours
under scenario 1 and 2, in
Observatory station; and
from 533 hours in
reference scenario to

508 and 446 hours

under scenario 1 and

2 in Richmond station,
respectively.




ECONOMIC FEASIBILITY OF COOL ROOFS:
EVALUATION OF REFURBISHMENT

The coating cool roof
option is clearly feasible,
resulting in reductions of
life cycle costs of between
19,2 and 21,7% for all
weather and energy prices
scenarios (Table 8).

Table 7.

Building 12 is a good
example of what happens
when cool roof is to be
applied in an already
insulated, energy efficient
building. In that case, one
has to opt for the least
cost-intensive investment,
i.e. the coatings, which
are even under these
conditions an attractive
option.

The building and its energy performance

Building 12 is an existing mid-rise school building, with a total air-conditioned area
of 3.300 m? distributed on three levels. The 1.100 m? roof is insulated, resulting
in a good energy performance of the building. Hence, despite the fact that the
roof affects the building’s energy requirements, the latter are rather low leading,
consequently, to limited energy savings of no more than 3,6 %. The main features
of the building's energy performance both for Observatory and Richmond stations
are presented in Table 7.

Energy performance features of Building 12.

Energy performance features Observatory Richmond
Energy consumption prior cool roof (MWh) 78,0 112,2
Energy consumption after cool roof (MWh) 75,2 108,9
Energy savings (MWh) 2,8 33
Energy savings (%) 3,59 % 2,94 %
Area (m?) 1.100 1.100
Roof costs - Metal roof (AU$/m?) 38,0 38,0
Roof costs - Coating (AU$/m?) 22,75 22,75
Life expectancy - Metal roof (years) 28,5 28,5
Life expectancy - Coating (years) 22,5 22,5
HVACs COP 2,5 2,5
Existing roof's renovation costs (AU$/m?) 15,0 15,0

The cool roof refurbishment options

Two possible options are being considered for reducing energy loads by utilizing
cool technologies on the roof:

+ A metal roof with cool characteristics is installed on top of the existing roof
+ A cool coating is applied on the existing roof

Both options have the same energy efficiency, resulting in energy savings of 3,59 %
for the Observatory weather conditions and of 2,94 % for the Richmond conditions.
The metal roof option has higher investment costs, but also a greater life expectancy,
namely of 28,5 vs. 22,5 years, as presented in Table 7.



‘Do Nothing’ approach has
a cost that is higher than
the one of the Coating Cool
Roof. However, the Metal
Cool Roof leads in this
case to higher costs over
the building’s life cycle,
due to its higher initial
investment costs and the
limited savings, except

for the high energy price
scenario, when it becomes
marginally feasible.

Feasibility analysis results

The feasibility analysis has been carried out by four methods, namely Net Present
Value, Internal Rate of Return, Payback Period and Life Cycle Cost. Since the
implementation of cool roofs techniques is not a revenue generating investment,
the determining factor is the Life Cycle Cost, in the sense that the solution that
ensures its minimization is the most suitable one. As we are examining a retrofitting,
the Life Cycle Cost of the “Do nothing” scenario does not consider the construction
cost, but only a refurbishment of the existing roof after 15 years.

The analysis has been carried out for two electricity prices scenarios, one for a low
initial price of 150 AU$/MWh and one for a high, of 290 AU$/MWh. The results of the
Life Cycle Cost analysis are presented in Figure 12 for Observatory and Richmond
weather conditions, respectively.

Life Cycle Cost of Building 12

Richmond High Energy Price
Richmond Low Energy Price

QObervatory Hills High Energy Price

Cbervatory Hills Low Energy Price

0 100,000 200,000 300,000 400,000 500,000 00,000 700,000

B Coating Cool Ruof B Metal Cool Roof B Do Nothing

Figure 12. Life Cycle Costs for Building 12 for Observatory and Richmond stations.

Table 8. Reduction of Life Cycle Costs, compared to the ‘Do Nothing' approach.

Reduction of Life  Observatory Richmond

Cycle Costs
Low Energy High Energy  Low Energy High Energy
Price Price Price Price

Metal Cool Roof - 0,29 % -- --

Coating Cool Roof 19,20 % 21,70 % 20,26 % 20,26 %

12



CONCLUSIONS

+ It is estimated that both building-
scale and combined building-scale and
urban scale application of cool roof can
significantly reduce the cooling load of
the typical existing school during the
summer season. Overall, the simulation
results indicate that the cooling
load reductions by cool roofs can be
significant if they are implemented at an
urban scale.

* In the eleven weather stations in
Sydney, the building-scale application
of cool roofs can decrease the two
summer months total cooling load of
the existing school from 26.8-33.5 kWh/
m2 to 25.5-32.1 kWh/m?2. As computed,
the two summer months total cooling
load saving by building-scale application
of cool roofs is around 1.2-1.4 kWh/
m2. This is equivalent to approximately
3.9-49 % total cooling load reduction
in reference with cool roof scenario
(scenario 1) compared to the reference
case scenario (See Table 1 and 2 and
Figures 1 and 2).

* In the eleven weather stations in
Sydney, the combined building-scale
and urban-scale application of cool roofs
is estimated to reduce the two summer
months total cooling by 6.5-12.2 kWh/
m2. This is equivalent to 19.7-43.4 % total
cooling load reduction in cool roof and
modified urban temperature scenario
(scenario 2) compared to the reference
scenario (See Table 1 and 2 and Figures
2 and 3).

+ The annual cooling and heating
simulation using annual measured
weather data illustrate that the annual
heating penalty (0.1-0.4 kWh/m?) is
significantly lower than the annual
cooling load reduction (1.9-3.3 kWh/
m?2). As calculated, the annual cooling
load saving by building-scale application
of cool roofs is around 3.6-5.8 %. The
annual total cooling and heating load

saving by building-scale application of
cool roofs ranges between 1.8 and 2.9
kWh/m? (~2.7-3.8 %) (See Table 3 and 4).

+ During a typical summer week and
under free floating condition, the indoor
airtemperature of the reference scenario
ranges between 24.2-39.1 °C and 24.6-
43.2 °C in Observatory and Richmond
stations, respectively. When cool roofs
are applied at a building scale (scenario
1), the maximum indoor temperature
reduction is estimated to be 0.8 and 1.0
°Cin Observatory and Richmond stations,
respectively. The indoor air temperature
reduction is foreseen to increase further
to 1.8 and 2.0 °C by combined building-
scale and urban-scale application of cool
roofs (scenario 2) in Observatory and
Richmond stations, respectively (See
Figures 4-7).

+ During a typical summer week, the
ambient air temperature is predicted to
decrease from arange between 19.2 and
39.8 °C in reference scenario to a range
between 18.1 and 38.9 °Ciin cool roof and
modified urban temperature scenario
(scenario 2) in Observatory station. The
ambient temperature reduction in cool
roof and modified urban temperature
scenario (scenario 2) compared to the
reference scenario is approximately
0.6-1.6 °C. Similarly, the ambient
temperature is predicted to decrease
from 17.2-44.7 °C in reference scenario
to 15.9-43.6 °C in cool roof and modified
urban temperature scenario (scenario
2) in Richmond station. The estimated
ambient temperature reduction is 0.7-
1.7 °C in Richmond station (See Figures
4 and 6).

* During a typical winter week and under
free floating condition, the indoor air
temperature is expected to decrease
slightly from a range between 12. 5 and
24.9 °C in reference scenario to a range
between 12.5 and 24.8 °C in reference




with cool roof scenario (scenario 1) in
Observatory Hill station (See Figure 8).
Similarly, the indoor air temperature
is predicted to reduce from a range
between 10. 0 and 24.8 °C in reference
scenario to arange between 9.9 and 24.7
°C in reference with cool roof scenario
(scenario 1) in Richmond station (See
Figures 8 and 9).

+ During a typical winter month and
under free floating condition, the average
maximum indoor air temperature
reduction by building-scale application
of cool roofs is predicted to be just 0.2 °C
and 0.2 °Cin Observatory and Richmond
stations, respectively. Positively,
temperature decrease happens mainly
during the non-heating period when
indoor temperature is higher than the
threshold (See Figures 10 and 11).

+ During a typical winter month and
under free floating condition, the total
number of hours with an indoor air
temperature below 19 °C is predicted
to increase slightly from 383 hours
in reference scenario to 389 hours
in reference with cool roof scenario
(scenario 1) in Observatory station. The
estimations for Richmond stations also
show a slight increase in total number
of hours below 19 °C from 481 hours
in reference scenario to 495 hours
in reference with cool roof scenario
(scenario 1). The results show less
increase in total number hours below
19 °C between the two scenarios (i.e.
reference scenario and reference with
cool roof scenario (scenario 1)) during
operational hours of the building.

The number of hours below 19 °C during
operational hours of the building (i.e.
Monday to Friday, 7am-6 pm) is expected
to increase from 84 hours in reference
scenario to 86 hours in reference
with cool roof scenario (scenario 1)
in Observatory station. Similarly, the
calculation in Richmond station shows

a slight increase of number of hours
below 19 °C from 106 hoursto 111 hours
during the operational hours (Table 5).

* During a typical summer month and
under free-floating condition, use of
cool roofs is predicted to significantly
decrease the number of hours above
26 °C. As computed, the number of
hours above 26 °C is 486 hours under
the reference scenario in Observatory
station, which decreases to 471 and
368 hours under the reference with
cool roof scenario (scenario 1) and cool
roof and modified urban temperature
scenario (scenario 2), respectively.
The simulations in Richmond station
also illustrate a significant reduction
in number of hours above 26 °C from
533 hours in reference scenario to 508
in reference with cool roof scenario
(scenario 1) and 446 hours in cool
roof and modified urban temperature
scenario (scenario 2), respectively (See
Table 6).

+ As it can be deduced from the feasibility
analysis, the ‘Do Nothing’ approach has
a cost that is higher than the one of the
Coating Cool Roof. However, the Metal
Cool Roof leads in this case to higher
costs over the building's life cycle, due
to its higher initial investment costs and
the limited savings, except for the high
energy price scenario, when it becomes
marginally feasible. The coating cool
roof option is clearly feasible, resulting
in reductions of life cycle costs of
between 19,2 and 21,7% for all weather
and energy prices scenarios, as it can
be seen in Table 8. Building 12 is in
that sense a good example of what
happens when cool roof is to be applied
in an already insulated, energy efficient
building. In that case, one has to opt for
the least cost-intensive investment, i.e.
the coatings, which are even under these
conditions an attractive option.

14



UNSW - SCHOOL OF BUILT ENVIRONMENT Email
High Performance Architecture m.santamouris@unsw.edu.au

Sydney, NSW 2052 Phone Website
Australia +61 (02) 9385 0729 https://www.unsw.edu.au



UNSW Built Environment
SYDNEY High Performance Architecture




Floor area :1200m?
Number of stories 12

Image source: Ecipark Office Building. https://
jnmrad.com/21-delightful-two-story-building/
ecipark-office-building-two-story/

Note: building characteristics change with climate
zones

Reference scenario

Reference building as described in
Appendix with a conventional roof.
Use of two sets of climatic data
including one climatic data simulated
by Weather Research Forecast (WRF)
for the current condition for two
summer months and one measured
annual weather data.

BUILDING 13

EXISTING LOW-RISE OFFICE BUILDING
WITH ROOF INSULATION
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Scenario 1:
Reference with cool roof scenario

Same building as in the reference
scenario with a cool roof. Use of two
sets of climatic data including one
climatic data simulated by WRF for
the current condition for two summer
months and one measured annual
weather data.
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Scenario 2:
Cool roof with modified urban
temperature scenario

Same building as in the reference
scenario with a cool roof. Use of
climatic data simulated by WRF
considering an extensive use of cool
roofs in the city.

Project name : Cool Roofs Cost Benefit Analysis Study
Project number : PRI-00004295

Date : 15 September 2021

Report contact : Prof Mattheos Santamouris
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9 Reference scenario, scenario 1, and scenario 2;
estimated for eleven weather stations in Sydney

using weather data simulated by WRF.

1

SENSIBLE AND TOTAL COOLING LOAD
FOR TWO SUMMER MONTHS UNDER

THREE SCENARIOS®

Table 1. Sensible and total cooling load for an existing low-rise office building with roof insulation for two summer
months (i.e. January and February) under three scenarios including reference scenario, reference with
cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario (scenario 2) with

The building-scale
application of cool roofs
can decrease the two
summer months total
cooling load of the existing
low-rise office building with
roof insulation from 21.6-
28.6 kWh/m?to 16.5-21.6
kWh/m?.

weather data simulated by WRF for COP=1 for heating and cooling.

Stations Reference Scenario 1 Scenario 2
scenario Reference with Cool roof with
cool roof modified urban
scenario temperature
scenario
Sensible  Total Sensible  Total Sensible  Total
cooling cooling cooling cooling cooling cooling
(kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)
Sydney Airport  15.5 22.2 10.7 16.9 7.6 10.1
Terry Hill 17.6 22.9 12.2 16.9 10.6 13.5
Bankstown 19.4 25.4 14.2 19.7 11.4 13.7
Canterbury 16.6 23.0 11.6 17.6 9.1 121
Observatory 15.2 21.6 10.5 16.5 8.3 11.5
Richmond 24.4 28.6 17.6 21.5 15.9 17.8
Penrith 21.8 26.2 16.1 20.0 14.4 16.2
Horsley Park 20.9 25.7 15.3 19.6 13.8 15.9
Camden 221 25.9 16.4 19.8 14.5 15.8
Olympic Park 18.8 25.1 13.7 19.4 11.5 14.5
Campbelltown 20.6 25.2 15.0 19.2 12.9 14.7

Table 2. Sensible and total cooling load saving for an existing low-rise office building with roof insulation for
reference scenario versus reference with cool roof scenario (scenario 1), and reference scenario versus
cool roof with modified urban temperature scenario (scenario 2) for two summer months (i.e. January and
February) with weather data simulated by WRF for COP=1 for heating and cooling.

For Scenario 1, the total
cooling load saving is
around 5.1-7.1 kWh/m?
which is equivalent to 22.4-
26.2 % total cooling load
reduction.

For Scenario 2, the total
cooling load saving is
around 9.4-12.1 kWh/m?
which is equivalent to 37.8-
54.5% of total cooling load
reduction.

Stations Reference scenario versus Reference scenario versus
Reference with cool roof Cool roof with modified urban
scenario (Scenario 1) temperature scenario

(Scenario 2)
Sensible cooling  Total cooling Sensible cooling  Total cooling
kWh/m? % kWh/m? % kWh/m? % kWh/m? %

Sydney Airport 4.8 31.0 53 23.9 7.9 51.0 12.1 54.5

Terry Hill 5.4 30.7 6.0 26.2 7.0 39.8 9.4 41.0

Bankstown 5.2 26.8 5.7 224 8.0 41.2 11.7 46.1

Canterbury 5.0 30.1 5.4 235 7.5 45.2 10.9 47.4

Observatory 4.7 30.9 5.1 23.6 6.9 45.4 10.1 46.8

Richmond 6.8 27.9 7.1 24.8 8.5 34.8 10.8 37.8

Penrith 5.7 26.1 6.2 23.7 7.4 33.9 10.0 38.2

Horsley Park 5.6 26.8 6.1 237 7.1 34.0 9.8 38.1

Camden 5.7 25.8 6.1 23.6 7.6 344 10.1 39.0

Olympic Park 5.1 27.1 5.7 22.7 7.3 38.8 10.6 42.2

Campbelltown 5.6 27.2 6.0 23.8 7.7 37.4 10.5 41.7




In the eleven weather
stations in Sydney,

both building-scale and
combined building-

scale and urban scale
application of cool roof
can significantly reduce the
cooling load of the existing
low-rise office building with
roof insulation during the
summer season.
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Figure 1. Spatial distribution of total cooling load for reference scenario for two summer months (i.e. January and
February) for an existing low-rise office building with roof insulation with weather data simulated by WRF
for COP=1 for heating and cooling.
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Figure 2. Spatial distribution of total cooling load for reference with cool roof scenario (scenario 1) for two summer
months (i.e. Januray and February) for an existing low-rise office building with roof insulation with weather
data simulated by WRF for COP=1 for heating and cooling.
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Figure 3. Spatial distribution of total cooling load for cool roof with modified urban temperature scenario (scenario

2) for two summer months (i.e. January and February) for an existing low-rise office building with roof
insulation with weather data simulated by WRF for COP=1 for heating and cooling.
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Table 3. Annual cooling and heating loads for an existing low-rise office building with roof insulation for two
scenarios including reference scenario and reference with cool roof scenario (scenario 1) using annual
measured weather data for COP=1 for heating and cooling.

. Stations Reference Scenario 1

The annual COO//ng scenario Reference with

and heating simulation cool roof scenario

Uang annual measured Annual Annual Annual Annual

weather data illustrates cooling load heating load cooling load heating load

that the annual heating (kWh/m?) (kWh/m?2) (kWh/m2) (kWh/m?)

penalty (0_4_7.7 kWh/mZ) Sensible Total Sensible Total Sensible Total Sensible Total

s significantly lower than Sydney Airport  30.8 39.8 1.0 2.2 23.5 31.6 1.3 2.6

the annual Coo//ng load Terry Hill 23.2 30.9 1.6 3.6 15.7 22.1 2.1 4.4

reduction (8.2-14.0 kWh/ Bankstown 368 467 1.8 4.0 272 359 22 4.7

mZ). Canterbury 29.9 38.7 1.8 4.2 21.7 29.4 23 5.1
Observatory 32.0 40.6 1.2 2.5 23.1 30.8 1.5 3.0
Richmond 41.7 52.5 2.1 4.8 31.2 40.4 2.6 5.7
Penrith 44.6 55.5 1.7 3.9 32.3 41.5 2.1 4.7
Horsley Park 37.2 45.1 1.9 4.2 26.4 33.2 2.4 5.1
Camden 36.0 43.1 25 5.7 26.0 323 3.1 6.8
Olympic Park 37.3 48.9 1.6 3.5 26.7 36.7 1.9 4.1
Campbelltown  35.3 4.7 2.4 53 25.0 30.7 2.9 6.3

Table 4. Annual cooling load saving, heating load penalty, and total cooling and heating saving for reference
scenario versus reference with cool roof scenario (scenario 1) for an existing low-rise office building with
roof insulation using annual measured weather data for COP=1 for heating and cooling.

. Stations Annual Annual Annual total
The.annual CQO/’ng load cooling load heating load cooling & heating load
saving by building-scale saving penalty saving
application of cool roofs is
GI’OUI’)d 20' 6-28.5 0/0. Sensible Total Sens. Total Sensible Total
KWh/m? % KWh/m? % kWh/m? kWh/m? % kWh/m? %

i Sydney Airport 73 237 82 206 03 04 70 220 7.8 186
The annual total cooling ydney Airpor

and heating load saving by Terry Hill 75 323 88 285 05 08 70 282 80 232
building-scale application Bankstown 9.6 261 108 231 04 07 92 238 101 199
of cool roofs ranges Canterbury 82 274 93 240 05 09 77 243 84 196

between 7.8 and 13.2

Observator 8.9 27.8 9.8 241 0.3 0.5 8.6 25.9 9.3 21.6
kWh/m? (~18.6-23.2 %). varon

Richmond 105 252 121 230 05 0.9 10.0 228 112 195

Penrith 123 276 140 252 04 0.8 119 257 132 222

Horsley Park 10.8 290 119 264 05 0.9 103 263 11.0 223

Camden 10.0 27.8 108 251 0.6 1.1 9.4 244 9.7 19.9

Olympic Park 106 284 122 249 03 0.6 103 265 116 221

Campbelltown 103 292 11.0 264 05 1.0 9.8 26.0 100 213




¢ Reference scenario, scenario 1, and scenario

2; estimated for weather stations presenting

the lowest and highest ambient temperatures in
Sydney (i.e. Observatory Hill and Richmond) using
weather data simulated by WRF.

3

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FRE
FLOATING CONDITION DURING A

F-

TYPICAL WARM PERIOD UNDER THREE

SCENARIOS®

During a typical summer
week, the ambient air
temperature is predicted
to decrease from a range
19.2-39.8 °C in reference
scenario to a range 18.1-
38.9 °Cin scenario 2 in
Observatory station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.6-1.6 °C compared to
the reference scenario in
Observatory station.
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Figure 4. Indoor air temperature and ambient temperature for three scenarios including reference scenario,
reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for an existing low-rise office building with roof insulation under free floating conditions during

For scenario 2, the ambient
temperature is predicted to
decrease from 17.2-44.7°C
in reference scenario to
15.9-43.6°C in Richmond
station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.7-1.7 °C compared to
the reference scenario in
Richmond station.

a typical summer week in Observatory station using weather data simulated by WRF.
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Figure 5. Indoor air temperature and ambient temperature for three scenarios including reference scenario,
reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for an existing low-rise office building with roof insulation under free floating conditions during

a typical summer week in Richmond station using weather data simulated by WRF.



During a typical summer Reference scenario vs scenario 1

week, the indoor air - Reference scenario vs scenario 2
temperature of the

reference scenario ranges
between 26.1-45.5 °C and

Indoor Air Temperature (°C)

25.7-49.2 °C in Observatory 1

and Richmond stations,

respectively. 4
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Figure 6. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for an existing low-rise office building with roof insulation under free-floating conditions during a typical
summer week in Observatory station using weather data simulated by WRF.
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For Scenario 1 (building-
scale), the maximum
indoor temperature 8 o|— Reference scenario vs scenario 2
reduction is estimated
tobe 5.5°Cand 6.1 °Cin
Observatory and Richmond
stations, respectively.

Reference scenario vs scenario 1

For Scenario 2 (combined
building- and urban-scale),
the maximum indoor
temperature reduction
increases up to 6.5 and
6.9 °C in Observatory

and Richmond stations, :
respectively.
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Figure 7. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for an existing low-rise office building with roof insulation under free-floating conditions during a typical
summer week in Richmond station using weather data simulated by WRF.
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INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-

e s oo eaed - FLOATING CONDITION DURING A
TYPICAL COLD PERIOD UNDER TWO

highest ambient temperatures in Sydney (i.e.
Observatory Hill and Richmond) using annua
measured weather data.

" SCENARIOSH

During a typical winter
week, the indoor air
temperature is expected
to decrease slightly
from a range between
13.8 and 28.5°Cin
reference scenario to a
range between 13.5 and
27.5°Cin scenario 1 in
Observatory Hill station.

Indoor air temp-Reference scenario
Indoor air temp-Scenario 1

Ambient temp.
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Figure 8. Indoor air temperature and ambient temperature for two scenarios including reference scenario and

reference with cool roof scenario (scenario 1) for an existing low-rise office building with roof insulation
under free-floating condition during a typical winter week in Observatory station using annual measured

weather data.

and 28.0 °C in reference
scenario to a range
between 9.8 and 27.2 °C
in scenario 1 in Richmond
station.

The indoor air temperature 30 4 Indoor air temp-Reference scenario
is predicted to reduce | Indoor air temp-Scenario 1
from a range between 10.1 ; Ambient temp.
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Figure 9. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for an existing low-rise office building with roof insulation
under free-floating condition during a typical winter week in Richmond station using annual measured

N
¥ 9

weather data.



For Scenario 1, the average
maximum indoor air
temperature reduction by
building-scale application
of cool roofs is predicted to
be just 1.4 °Cand 1.5°Cin
Observatory and Richmond
stations, respectively.

Indoor temp reduction-Reference scenario vs scenario 1 (°C)

15 20 25 30
Indoor temp-Reference scenario (°C)

Figure 10. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for an existing low-rise office building with roof insulation under free-floating conditions
during a typical winter month in Observatory station using annual measured weather data.

Temperature decrease
mainly happens during the
non-heating period when
indoor temperature is
higher than the threshold.

Indoor temp reduction-Reference scenario vs scenario 1 (°C)

Indoor temp-Reference scenario (°C)

Figure 11. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for an existing low-rise office building with roof insulation under free-floating conditions
during a typical winter month in Richmond station using annual measured weather data.
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NUMBER OF HOURS WITH INDOOR AIR
€ For free-floating condition in weather stations T E M P E RATU R E B E LOW /I 9 ° C D U RI N G
presentmgthe'lfwestanq highest ambient‘ A TYP | CAL CO |_ D P E R | O D AN D AB O\/E
it g i e e 26°C DURING A TYPICAL WARM PERIODE

Table 5. Number of hours with indoor air temperature below 19 °C in free-floating mode during a typical winter
month using annual measured weather data.

Stations Reference Scenario 1

During a typiCCl/ winter scenario Reference with )
month, the total number cool roof scenario
of hours with an indoor N .
. . perational Total Operational Total

air temperature (<19 °C) is hours* hours*
predicted to increase from

. Observatory 74 284 89 329
284 hours in reference
scenario to 329 and hours Richmond 95 363 14 407
andfrom 363 to 407 * Operational hours of the building: Monday to Friday, 7 am-6 pm.

hours in scenario 1 in
Observatory and Richmond
stations, respectively.

The number operational
hours with air temperature
<19 °C during is expected
to slightly increase from

74 hours in reference
scenario to 89 hours; and
from 95 to 114 hours in
scenario 1 in Observatory
and Richmond stations,
respectively.

Table 6. Number of hours with indoor air temperature above 26 °C in free-floating mode during a typical summer
month using weather data simulated by WRF.

. . Stations Reference Scenario 1 Scenario 2
Durmg a typ/ca/ summer scenario Reference with Cool roof with
month, the total number cool roof scenario  modified urban
of hours with an indoor HERTEErE LTS

. scenario
air temperature (>26 °C)
is predicted to slightly Observatory 606 544 473

decrease from 606 hours
in reference scenario Richmond 604 519 472
to 544 and 473 hours
under scenario 1 and 2, in
Observatory station; and
from 604 hours in
reference scenario to

519 and 472 hours

under scenario 1 and

2 in Richmond station,
respectively.




ECONOMIC FEASIBILITY OF COOL ROOFS:
EVALUATION OF REFURBISHMENT

The ‘Do Nothing’ approach
has clearly the highest
cost over the building’s life
cycle.

Table 7.

Building 13 is a very

good example of a cool
roof’s contribution to
drastically reducing energy
requirements and life cycle
costs, even in low-rise
buildings with good energy
performance.

The building and its energy performance

Building 13 is a low-rise building, with a total air-conditioned area of 2.400 m?
distributed on two levels. The 1.200 m? roof is insulated, resulting in a good energy
performance of the building. Hence, even though the roof is insulated since it affects
strongly the low-rise building’s energy requirements, the latter are significant. The
main features of the building's energy performance both for Observatory and
Richmond stations are presented in Table 7.

Energy performance features of Building 13.

Energy performance features Observatory Richmond
Energy consumption prior cool roof (MWh) 41,4 55,0
Energy consumption after cool roof (MWh) 32,4 44,2
Energy savings (MWh) 9,0 10,8
Energy savings (%) 21,74 % 19,64 %
Area (m?) 1.200 1.200
Roof costs - Metal roof (AU$/m?) 38,0 38,0
Roof costs - Coating (AU$/m?) 22,75 22,75
Life expectancy - Metal roof (years) 28,5 28,5
Life expectancy - Coating (years) 22,5 22,5
HVACs COP 2,5 2,5
Existing roof's renovation costs (AU$/m?) 15,0 15,0

The cool roof refurbishment options

Two possible options are being considered for reducing energy loads by utilizing
cool technologies on the roof:

+ A metal roof with cool characteristics is installed on top of the existing roof
+ A cool coating is applied on the existing roof

Both options have the same energy efficiency, resulting in energy savings of
21,74 % for the Observatory weather conditions and of 19,64 % for the Richmond
conditions. The metal roof option has higher investment costs, but also a greater life
expectancy, namely of 28,5 vs. 22,5 years, as presented in Table 7.



The Coating Cool roof
option Is the most feasible Feasibility analysis results
one, resulting in drastic

reductions Of /Ife Cyde The feasibility analysis has been carried out by four methods, namely Net Present

costs, that vary between Value, Internal Rate of Return, Payback Period and Life Cycle Cost. Since the
27,59 and 62,16 %, implementation of cool roofs techniques is not a revenue generating investment,
dE/Oending on the weather the determining factor is the Life Cycle Cost, in the sense that the solution that
and energy price scenarios ensures its minimization is the most suitable one. As we are examining a retrofitting,
(Table 8) the Life Cycle Cost of the “Do nothing” scenario does not consider the construction

cost, but only a refurbishment of the existing roof after 15 years.

The analysis has been carried out for two electricity prices scenarios, one for a low
initial price of 150 AU$/MWh and one for a high, of 290 AU$/MWh. The results of the
Life Cycle Cost analysis are presented in Figure 12 for Observatory and Richmond
weather conditions, respectively.

Life Cycle Cost of Builsing 13

Richmond High Energy Price
Richmand Low Fnergy Price
Obervatory Hills High Energy Price

Obervatory Hills Low Energy Price

Irll

0 50,000100,000150,000200,00{50,00000,00050,000400,000450,000

W Coating Cool Roof B Metal Cool Roof B Do Nathing

Figure 12. Life Cycle Costs for Building 13 for Observatory and Richmond stations.

Table 8. Reduction of Life Cycle Costs, compared to the ‘Do Nothing' approach.

Reduction of Life  Observatory Richmond
Cycle Costs
Low Energy High Energy  Low Energy High Energy
Price Price Price Price
Metal Cool Roof 2,77 % 48,00 % 5,67 % 13,12 %
Coating Cool Roof 27,59 % 61,28 % 28,68 % 62,16 %
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CONCLUSIONS

+ It is estimated that both building-
scale and combined building-scale and
urban scale ap-plication of cool roof
can significantly reduce the cooling load
of the existing low-rise office building
with roof insulation during the summer
season.

* In the eleven weather stations in
Sydney, the building-scale application
of cool roofs can decrease the two
summer months total cooling load of
the existing low-rise office building with
roof insulation from 21.6-28.6 kWh/
m? to 16.5-21.6 kWh/m? . As computed,
the two sum-mer months total cooling
load saving by building-scale application
of cool roofs is around 5.1-7.1 kWh/
m?. This is equivalent to approximately
22.4-26.2 % total cooling load reduction
in reference with cool roof scenario
(scenario 1) compared to the reference
case scenario (See Table 1 and 2 and
Figures 1 and 2).

* In the eleven weather stations in
Sydney, the combined building-scale
and urban-scale application of cool roofs
is estimated to reduce the two summer
months total cooling by 9.4-12.1 kWh/
m?. This is equivalent to 37.8-54.5 % total
cooling load reduction in cool roof and
modified urban temperature scenario
(scenario 2) compared to the ref-erence
scenario (See Table 1 and 2 and Figures
2 and 3).

* The annual cooling and heating
simulation using annual measured
weather data illus-trate that the annual
heating penalty (0.4-1.1 kWh/m?) is
significantly lower than the annual
cooling load reduction (8.2-14.0 kWh/
m?). As calculated, the annual cooling
load saving by building-scale application
of cool roofs is around 20.6-28.5 %. The
annual total cooling and heating load
saving by building-scale application of
cool roofs ranges between 7.8 and 13.2

kWh/m? (~18.6-23.2%) (See Table 3 and
4).

+ During a typical summer week and
under free floating condition, the indoor
airtemperature of the reference scenario
ranges between 26.1-45.5 °C and 25.7-
49.2 °C in Observatory and Richmond
stations, respectively. When cool roofs
are applied at a building scale (scenario
1), the maximum indoor temperature
reduction is estimated to be 5.5 and 6.1
°Cin Observatory and Richmond stations,
respectively. The indoor air temperature
reduction is foreseen to increase further
to 6.5 and 6.9 °C by com-bined building-
scale and urban-scale application of cool
roofs (scenario 2) in Observato-ry and
Richmond stations, respectively (See
Figures 4-7).

+ During a typical summer week, the
ambient air temperature is predicted
to decrease from a range between 19.2
and 39.8 °C in reference scenario to a
range be-tween 18.1 and 38.9 °C in cool
roof and modified urban temperature
scenario (scenario 2) in Observatory
station. The ambient temperature
reduction in cool roof and modified
urban temperature scenario (scenario
2) compared to the reference scenario
is approx-imately 0.6-1.6 °C. Similarly,
the ambient temperature is predicted to
decrease from 17.2-44.7 °C in reference
scenario to 15.9-43.6 °C in cool roof and
modified urban tem-perature scenario
(scenario 2) in Richmond station.
The estimated ambient temperature
reduction is 0.7-1.7 °C in Richmond
station (See Figures 4 and 6).

* During a typical winter week and under
free floating condition, the indoor air
temperature is expected to decrease
slightly from a range between 13.8 and
28.5 °C in reference scenario to a range
between 13.5 and 27.5 °C in reference
with cool roof scenario (scenario 1) in




Observatory Hill station (See Figure 8).
Similarly, the indoor air temperature
is predicted to reduce from a range
between 10.1 and 28.0 °C in reference
scenario to arange between 9.8 and 27.2
°C in reference with cool roof scenario
(scenario 1) in Richmond station (See
Figures 8 and 9).

+ During a typical winter month and
under free floating condition, the average
maximum indoor air temperature
reduction by building-scale application
of cool roofs is predicted to be just 1.4 °C
and 1.5 °Cin Observatory and Richmond
stations, respectively. Positively,
temperature decrease happens mainly
during the non-heating period when
in-door temperature is higher than the
threshold (See Figures 10 and 11).

+ During a typical winter month and
under free floating condition, the total
number of hours with an indoor air
temperature below 19 °C is predicted
to increase from 284 hours in reference
scenario to 329 hours in reference
with cool roof scenario (scenario 1) in
Observatory station. The estimations for
Richmond stations also show a slight in-
crease in total number of hours below 19
oC from 363 hours in reference scenario
to 407 hours in reference with cool roof
scenario (scenario 1). The results show
less in-crease in total number hours
below 19 °C between the two scenarios
(i.e. reference scenario and reference
with cool roof scenario (scenario 1))
during operational hours of the building.
The number of hours below 19 °C during
operational hours of the building (i.e.
Monday to Friday, 7am-6 pm) is expected
to increase from 74 hours in reference
scenario to 89 hours in reference
with cool roof scenario (scenario 1) in
Observatory station.

Similarly, the calculation in Richmond
station shows a slightincrease of number
of hours below 19 °C from 95 hours to
114 hours during the operational hours
(See Table 5).

* During a typical summer month and
under free-floating condition, use of
cool roofs is predicted to significantly
decrease the number of hours above
26 °C. As computed, the number of
hours above 26 °C is 606 hours under
the reference scenario in Observa-tory
station, which decreases to 544 and
473 hours under the reference with
cool roof scenario (scenario 1) and cool
roof and modified urban temperature
scenario (scenario 2), respectively. The
simulations in Richmond station also
illustrate a significant reduc-tion in
number of hours above 26 °C from 604
hours in reference scenario to 519 in ref-
erence with cool roof scenario (scenario
1) and 472 hours in cool roof and
modified ur-ban temperature scenario
(scenario 2), respectively (See Table 6).

* As it can be deduced from the feasibility
analysis, the ‘Do Nothing’ approach
has clearly the highest cost over the
building’s life cycle. The Coating Cool
roof option is the most feasible one,
resulting in drastic reductions of life
cycle costs, that vary between 27,59 and
62,16%, depending on the weather and
energy price scenarios, as it can be seen
in Table 8. Building 13 is in that sense
a very good example of a cool roofs
contribution to drastically reducing
energy requirements and life cycle costs,
even in low-rise buildings with good
energy performance.
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BUILDING 14

EXISTING HIGH-RISE OFFICE BUILDING
WITH ROOF INSULATION

Floor area :1200m?
Number of stories 210
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Image source: Ecipark Office Building. https://
jerseydigs.com/bayonne-city-council-approves-
10-story-building-975-broadway/

Note: building characteristics change with climate
zones

Reference scenario Scenario 1: Scenario 2:
Reference with cool roof scenario Cool roof with modified urban
temperature scenario

Reference building as described in Same building as in the reference Same building as in the reference
Appendix with a conventional roof. scenario with a cool roof. Use of two  scenario with a cool roof. Use of
Use of two sets of climatic data sets of climatic data including one climatic data simulated by WRF
including one climatic data simulated  climatic data simulated by WRF for considering an extensive use of cool
by Weather Research Forecast (WRF)  the current condition for two summer roofs in the city.

for the current condition for two months and one measured annual

summer months and one measured weather data.
annual weather data.

Project name : Cool Roofs Cost Benefit Analysis Study
Project number : PRI-00004295

Date : 15 September 2021

Report contact : Prof Mattheos Santamouris
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9 Reference scenario, scenario 1, and scenario 2;
estimated for eleven weather stations in Sydney
using weather data simulated by WRF.

1

SENSIBLE AND TOTAL COOLING LOAD
FOR TWO SUMMER MONTHS UNDER
THREE SCENARIOS®

Table 1.

The building-scale
application of cool roofs
can decrease the two
summer months total
cooling load of the existing
high-rise office building
with roof insulation from
18.6-24.4 kWh/m?to 17.6-
23.0 kWh/m>.

Sensible and total cooling load for an existing high-rise office building with roof insulation for two summer
months (i.e. January and February) under three scenarios including reference scenario, reference with
cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario (scenario 2) with
weather data simulated by WRF for COP=1 for heating and cooling.

Stations Reference Scenario 1 Scenario 2
scenario Reference with Cool roof with
cool roof modified urban
scenario temperature
scenario
Sensible  Total Sensible  Total Sensible  Total

cooling cooling cooling cooling cooling cooling
(kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)

Sydney Airport  12.9 19.2 12.0 18.1 8.4 11.1
Terry Hill 143 19.2 13.2 18.1 11.6 14.6
Bankstown 16.4 22.0 15.5 20.9 12.5 15.0
Canterbury 13.8 19.8 12.8 18.8 10.1 13.1
Observatory 12,5 18.6 1.7 17.6 9.1 12.4
Richmond 20.6 24.4 19.3 23.0 17.2 19.2
Penrith 18.5 225 17.4 213 15.5 17.4
Horsley Park 17.7 22.0 16.6 20.8 14.6 16.8
Camden 18.8 22.2 17.7 21.0 15.6 17.0
Olympic Park 15.9 21.7 14.9 20.6 12.6 15.8
Campbelltown 17.3 21.6 16.2 20.4 14.1 16.0

Table 2. Sensible and total cooling load saving for an existing high-rise office building with roof insulation for

reference scenario versus reference with cool roof scenario (scenario 1), and reference scenario versus
cool roof with modified urban temperature scenario (scenario 2) for two summer months (i.e. January and
February) with weather data simulated by WRF for COP=1 for heating and cooling.

For Scenario 1, the total
cooling load saving is
around 1.0-1.4 kWh/m?
which is equivalent to 5.17-
5.7 % total cooling load
reduction.

For Scenario 2, the total
cooling load saving is
around 4.6-8.1 kWh/
m?which is equivalent
to 121.3-42.2 % of total
cooling load reduction.

Stations Reference scenario versus Reference scenario versus
Reference with cool roof Cool roof with modified urban
scenario (Scenario 1) temperature scenario

(Scenario 2)

Sensible cooling  Total cooling Sensible cooling  Total cooling

kWh/m? % kWh/m? % kWh/m? % kWh/m? %
Sydney Airport 0.9 7.0 1.1 5.7 4.5 34.9 8.1 422
Terry Hill 1.1 7.7 1.1 5.7 2.7 18.9 4.6 24.0
Bankstown 0.9 5.5 1.1 5.0 3.9 23.8 7.0 31.8
Canterbury 1.0 7.2 1.0 5.1 3.7 26.8 6.7 33.8
Observatory 0.8 6.4 1.0 5.4 34 27.2 6.2 333
Richmond 13 6.3 1.4 5.7 34 16.5 5.2 213
Penrith 1.1 5.9 1.2 53 3.0 16.2 5.1 22.7
Horsley Park 1.1 6.2 1.2 5.5 3.1 17.5 5.2 23.6
Camden 1.1 5.9 1.2 5.4 3.2 17.0 5.2 234
Olympic Park 1.0 6.3 1.1 5.1 3.3 20.8 5.9 27.2

Campbelltown 1.1 6.4 1.2 5.6 3.2 18.5 5.6 259




In the eleven weather
stations in Sydney, the
combined building-

scale and urban scale
application of cool roofs
can reduce the cooling
load of the existing high-
rise office building with
roof insulation during the
summer season.
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Figure 1. Spatial distribution of total cooling load for reference scenario for two summer months (i.e. January and
February) for an existing high-rise office building with insulation with weather data simulated by WRF for
COP=1 for heating and cooling.

Overall, the simulation
results indicate that the
cooling load reductions
by cool roofs can be
significant if they are
implemented at an urban
scale.
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Figure 2. Spatial distribution of total cooling load for reference with cool roof scenario (scenario 1) for two summer
months (i.e. Januray and February) for an existing high-rise office building with insulation with weather

data simulated by WRF for COP=1 for heating and cooling.
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Figure 3. Spatial distribution of total cooling load for cool roof with modified urban temperature scenario (scenario
2) for two summer months (i.e. January and February) for an existing high-rise office building with insulation
with weather data simulated by WRF for COP=1 for heating and cooling.
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Table 3. Annual cooling and heating loads for an existing high-rise office building with roof insulation for two
scenarios including reference scenario and reference with cool roof scenario (scenario 1) using annual
measured weather data for COP=1 for heating and cooling.

. Stations Reference Scenario 1

The annual COO//ng scenario Reference with

and heating simulation cool roof scenario

Uang annual measured Annual Annual Annual Annual

weather data illustrates cooling load heating load cooling load heating load

that the annual heating (kWh/m?) (kWh/m?2) (kWh/m2) (kWh/m?)

penalty (0_ 1-0.2 kWh/mZ) Sensible Total Sensible Total Sensible Total Sensible Total

s significantly lower than Sydney Airport  26.7 35.2 0.3 0.9 25.5 33.9 0.4 1.0

the annual Coo//ng load Terry Hill 17.9 24.9 0.7 2.0 16.6 23.4 0.8 2.1

reduction (1.3-2.6 kWh/m?). Bankstown 308 398 08 2.3 292 379 09 2.4
Canterbury 24.8 33.0 0.8 24 234 314 0.8 2.5
Observatory 27.0 35.1 0.4 1.0 25.5 334 0.4 1.1
Richmond 34.7 44.5 1.3 3.4 32.9 42.4 1.4 3.6
Penrith 36.2 46.0 0.9 2.4 34.0 43.4 0.9 2.5
Horsley Park 29.9 371 0.9 2.5 28.0 35.0 1.0 2.7
Camden 29.3 36.0 1.5 4.0 27.6 34.1 1.6 4.2
Olympic Park 30.3 40.8 0.7 2.0 28.3 38.6 0.8 2.1
Campbelltown  28.2 34.2 1.4 3.6 26.4 32.2 1.5 3.7

Table 4. Annual cooling load saving, heating load penalty, and total cooling and heating saving for reference
scenario versus reference with cool roof scenario (scenario 1) for an existing high-rise office building with
roof insulation using annual measured weather data for COP=1 for heating and cooling.

Stations Annual Annual Annual total

The.annual C.OO./ing load cooling load heating load cooling & heating load

saving by building-scale saving penalty saving

application of cool roofs is

GI’OUI’)d 3' 7-6.0 %. Sensible Total Sens. Total Sensible Total
KWh/m? % KWh/m? % kWh/m? kWh/m? % kWh/m? %

. Sydney Airport 12 45 13 37 01 01 11 41 12 33
The annual total cooling ydney Airpor

and heatl'ng /Oad saving by Terry Hill 1.3 7.3 1.5 6.0 0.1 0.1 1.2 6.5 1.4 52
building-scale application Bankstown 16 52 19 48 01 01 15 47 18 43
of cool roofs ranges Canterbury 14 56 1.6 48 00 01 14 55 15 42

between 1.2 and 2.5

kWh/m? (~33_52 %) Observatory 1.5 5.6 1.7 4.8 0.0 0.1 1.5 5.5 1.6 4.4

Richmond 1.8 5.2 2.1 4.7 0.1 0.2 1.7 4.7 1.9 4.0

Penrith 2.2 6.1 2.6 5.7 0.0 0.1 2.2 5.9 2.5 5.2

Horsley Park 1.9 6.4 2.1 5.7 0.1 0.2 1.8 5.8 1.9 4.8

Camden 1.7 5.8 1.9 5.3 0.1 0.2 1.6 5.2 1.7 4.2

Olympic Park 2.0 6.6 2.2 5.4 0.1 0.1 1.9 6.1 2.1 4.9

Campbelltown 1.8 6.4 2.0 5.8 0.1 0.1 1.7 5.7 1.9 5.0




¢ Reference scenario, scenario 1, and scenario

2; estimated for weather stations presenting

the lowest and highest ambient temperatures in
Sydney (i.e. Observatory Hill and Richmond) using
weather data simulated by WRF.

3

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL WARM PERIOD UNDER THREE
SCENARIOS®

During a typical summer
week, the ambient air
temperature is predicted
to decrease from a range
19.2-39.8 °C in reference
scenario to a range 18.1-
38.9 °Cin scenario 2 in
Observatory station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.6-1.6 °C compared to
the reference scenario in
Observatory station.
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Figure 4. Indoor air temperature and ambient temperature for three scenarios including reference scenario,

For scenario 2, the ambient
temperature is predicted to
decrease from 17.2-44.7°C
in reference scenario to
15.9-43.6°C in Richmond
station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.7-1.7 °C compared to
the reference scenario in
Richmond station.

reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for an existing high-rise office building with insulation under free floating conditions during a
typical summer week in Observatory station using weather data simulated by WRF.
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Figure 5. Indoor air temperature and ambient temperature for three scenarios including reference scenario,

reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for an existing high-rise office building with insulation under free floating conditions during a
typical summer week in Richmond station using weather data simulated by WRF.
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Figure 6. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for an existing high-rise office building with insulation under free-floating conditions during a typical
summer week in Observatory station using weather data simulated by WRF.

For Scenario 1 (building-
scale), the maximum
indoor temperature
reduction is estimated
tobe 1.1°Cand 1.3°Cin
Observatory and Richmond
stations, respectively.

For Scenario 2 (combined
building- and urban-scale),
the maximum indoor
temperature reduction
increases up to 2.1 and
2.3°Cin Observatory

and Richmond stations,

respectively.
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Figure 7. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for an existing high-rise office building with insulation under free-floating conditions during a typical
summer week in Richmond station using weather data simulated by WRF.



d Reference scenario and scenario; estimated
for weather stations presenting the lowest and
highest ambient temperatures in Sydney (i.e.
Observatory Hill and Richmond) using annual

4

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL COLD PERIOD UNDER TWO

measured weather data.

SCENARIOS?

During a typical winter
week, the indoor air

in reference scenario
and reference with cool
roof scenario (scenario
1) in Observatory Hill
and Richmond stations,
respectively.

temperature is expected to
remain almost the same
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Figure 8. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for an existing high-rise office building with insulation under
free-floating condition during a typical winter week in Observatory station using annual measured weather
data.
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Figure 9. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for an existing high-rise office building with insulation under
free-floating condition during a typical winter week in Richmond station using annual measured weather

data.
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For Scenario 1, the average
maximum indoor air
temperature reduction by
building-scale application
of cool roofs is predicted to
be just 0.3 °C and 0.3 °Cin
Observatory and Richmond
stations, respectively.
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Figure 10. Indoor air temperature difference between reference scenario versus reference with cool roof scenario

Temperature decrease
mainly happens during the
non-heating period when
indoor temperature is
higher than the threshold.

(scenario 1) for an existing high-rise office building without insulation under free-floating conditions during
a typical winter month in Observatory station using annual measured weather data.
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Figure 11. Indoor air temperature difference between reference scenario versus reference with cool roof scenario

(scenario 1) for an existing high-rise office building without insulation under free-floating conditions during
a typical winter month in Richmond station using annual measured weather data.
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NUMBER OF HOURS WITH INDOOR AIR
€ For free-floating condition in weather stations T E M P E RATU R E B E LOW /I 9 ° C D U RI N G
presentmgthe'lfwestanq highest ambient‘ A TYP | CAL CO |_ D P E R | O D AN D AB O\/E
it g i e e 26°C DURING A TYPICAL WARM PERIODE

Table 5. Number of hours with indoor air temperature below 19 °C in free-floating mode during a typical winter
month using annual measured weather data.

Stations Reference Scenario 1

During a typiCCl/ winter scenario Reference with )
month, the total number cool roof scenario
of hours with an indoor N .

. perational Total Operational Total
air temperature (<19 °C) hours* hours*
is predicted to slightly
. . Observatory 26 88 27 93
increase from 26 hours in
reference scenario to 27 Richmond 69 241 75 249
and hours andfrom 69 to * Operational hours of the building: Monday to Friday, 7 am-6 pm.

75 hours in scenario 1 in
Observatory and Richmond
stations, respectively.

The number operational
hours with air temperature
<19 °C during is expected
to slightly increase from

88 hours in reference
scenario to 93 hours; and
from 241 to 249 hours in
scenario 1 in Observatory
and Richmond stations,
respectively.

Table 6. Number of hours with indoor air temperature above 26 °C in free-floating mode during a typical summer
month using weather data simulated by WRF.

. . Stations Reference Scenario 1 Scenario 2
Durmg a typ/ca/ summer scenario Reference with Cool roof with
month, the total number cool roof scenario  modified urban
of hours with an indoor HERTEErE LTS

. scenario
air temperature (>26 °C)
is predicted to slightly Observatory 670 670 650

decrease from 670 hours
in reference scenario Richmond 657 653 625
to 670 and 650 hours
under scenario 1 and 2, in
Observatory station; and
from 657 hours in
reference scenario to

653 and 625 hours

under scenario 1 and

2 in Richmond station,
respectively.




ECONOMIC FEASIBILITY OF COOL ROOFS:
EVALUATION OF REFURBISHMENT

The ‘Do Nothing’ approach
has clearly the highest
cost over the building’s life
cycle.

Table 7.

Building 14 is a good
example of a cool roof’s
contribution to the
important, reduction of
energy requirements and
life cycle costs in high-rise
buildings, even when those
feature insulated roofs,
since the total loads are
significant and therefore
even small percentual
accumulate over the
building’s life cycle.

The building and its energy performance

Building 14 is a high-rise office building, with a total air-conditioned area of 12.000
m? distributed on ten levels. The 1.200 m? roof is insulated, resulting in low energy
losses. Since the roof directly affects only the floor underneath, and only indirectly
burdens the other nine floors, the energy savings are comparatively limited. The
main features of the building's energy performance both for Observatory and
Richmond stations are presented in Table 7.

Energy performance features of Building 14.

Energy performance features Observatory Richmond
Energy consumption prior cool roof (MWh) 173,3 229,9
Energy consumption after cool roof (MWh) 165,6 220,8
Energy savings (MWh) 7.7 9,1
Energy savings (%) 4,44 % 3,96 %
Area (m?) 1.200 1.200
Roof costs - Metal roof (AU$/m?) 38,0 38,0
Roof costs - Coating (AU$/m?) 22,75 22,75
Life expectancy - Metal roof (years) 28,5 28,5
Life expectancy - Coating (years) 22,5 22,5
HVACs COP 2,5 2,5
Existing roof's renovation costs (AU$/m?) 15,0 15,0

The cool roof refurbishment options

Two possible options are being considered for reducing energy loads by utilizing
cool technologies on the roof:

+ A metal roof with cool characteristics is installed on top of the existing roof
+ A cool coating is applied on the existing roof

Both options have the same energy efficiency, resulting in energy savings of 4,44%
for the Observatory weather conditions and of 3,96% for the Richmond conditions.
The metal roof option has higher investment costs, but also a greater life expectancy,
namely of 28,5 vs. 22,5 years, as presented in Table 7.



The Coating Cool roof
option is the most feasible
one, resulting in significant
reductions of life cycle
costs of between 22,5 and
59.6 % for all weather and
energy prices scenarios
(Table 8).

The Metal Cool roof option
is marginally feasible

due to is higher initial
investment costs.

Feasibility analysis results

The feasibility analysis has been carried out by four methods, namely Net Present
Value, Internal Rate of Return, Payback Period and Life Cycle Cost. Since the
implementation of cool roofs techniques is not a revenue generating investment,
the determining factor is the Life Cycle Cost, in the sense that the solution that
ensures its minimization is the most suitable one. As we are examining a retrofitting,
the Life Cycle Cost of the “Do nothing” scenario does not consider the construction
cost, but only a refurbishment of the existing roof after 15 years.

The analysis has been carried out for two electricity prices scenarios, one for a low
initial price of 150 AU$/MWh and one for a high, of 290 AU$/MWh. The results of the
Life Cycle Cost analysis are presented in Figure 12 for Observatory and Richmond
weather conditions, respectively.

Life Cycly Cost of Building 14

Richmond High Energy Price
Richmond Low Energy Price

Obervatory Hills High Cnergy Price

Obervatory Hills Low Energy Price

o 400,000 00,000 1,200,000
B Coating Cool Roof B Metal Cool Roof B Do Nathing
Figure 12. Life Cycle Costs for Building 14 for Observatory and Richmond stations.
Table 8. Reduction of Life Cycle Costs, compared to the ‘Do Nothing' approach.
Reduction of Life  Observatory Richmond
Cycle Costs
Low Energy High Energy  Low Energy High Energy
Price Price Price Price
Metal Cool Roof 1,39 % 3,76 % 2,11 % 2,11 %
Coating Cool Roof 22,51 % 59,59 % 22,77 % 22,77 %
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CONCLUSIONS

« It is estimated that the combined
building-scale  and  urban  scale
application of cool roofs can reduce
the cooling load of the existing high-
rise office building with insulation
during the summer season. Overall,
the simulation results indicate that the
cooling load reductions by cool roofs can
be significant if they are implemented at
an urban-scale.

* In the eleven weather stations in
Sydney, the building-scale application of
cool roofs can decrease the two summer
months total cooling load of the existing
high-rise office building from 18.6-
24.4 kWh/m? to 17.6-23.0 kWh/m?. As
computed, the two summer months
total cooling load saving by building-
scale application of cool roofs is around
1.0-1.4 kWh/m2. This is equivalent to
approximately 5.1-5.7 % total cooling
load reduction in reference with cool
roof scenario (scenario 1) compared to
the reference case scenario (See Table 1
and 2 and Figures 1 and 2).

* In the eleven weather stations in
Sydney, the combined building-scale
and urban-scale application of cool roofs
is estimated to reduce the two summer
months total cooling by 4.6-8.1 kWh/
m?. This is equivalent to 1.3-2.6 % total
cooling load reduction in cool roof and
modified urban temperature scenario
(scenario 2) compared to the reference
scenario (See Table 1 and 2 and Figures
2 and 3).

+ The annual cooling and heating
simulation using annual measured
weather data illustrate that the annual
heating penalty (0.1-0.2 kWh/m?) is
significantly lower than the annual
cooling load reduction (24.6-43.1 kWh/
m?). As calculated, the annual cooling
load saving by building-scale application
of cool roofs is around 3.7-6.0 %. The
annual total cooling and heating load

saving by building-scale application of
cool roofs ranges between 1.2 and 2.5
kWh/m? (~3.3-5.2 %) (See Table 3 and 4).

+ During a typical summer week and
under free floating condition, the indoor
airtemperature of the reference scenario
ranges between 28.4- 42.4 °C and 28.9-
46.1 °C in Observatory and Richmond
stations, respectively. When cool roofs
are applied at a building scale (scenario
1), the maximum indoor temperature
reduction is estimated to be 1.1 and 1.3
°Cin Observatory and Richmond stations,
respectively. The indoor air temperature
reduction is foreseen to increase further
to 2.1 and 2.3 °C by combined building-
scale and urban-scale application of cool
roofs (scenario 2) in Observatory and
Richmond stations, respectively (See
Figures 4-7).

* During a typical summer week, the
ambient air temperature is predicted to
decrease from arange between 19.2 and
39.8 °C in reference scenario to a range
between 18.1 and 38.9 °Ciin cool roof and
modified urban temperature scenario
(scenario 2) in Observatory station. The
ambient temperature reduction in cool
roof and modified urban temperature
scenario (scenario 2) compared to the
reference scenario is approximately
0.6-1.6  °C. Similarly, the ambient
temperature is predicted to decrease
from 17.2-44.7 °C in reference scenario
to 15.9-43.6 °C in cool roof and modified
urban temperature scenario (scenario
2) in Richmond station. The estimated
ambient temperature reduction is 0.7-
1.7 °C in Richmond station (See Figures
4 and 6).

* During a typical winter week and under
free floating condition, the indoor air
temperature is expected to remain
almost the same in reference scenario
and reference with cool roof scenario
(scenario 1) in Observatory Hill and




Richmond stations,
Figures 8 and 9).

respectively (See

+ During a typical winter month
and under free floating condition,
the average maximum indoor air

temperature reduction by building-scale
application of cool roofs is predicted to
be just 0.3 °C and 0.3 °C in Observatory
and Richmond stations, respectively.
Positively, temperature decrease
happens mainly during the non-heating
period when indoor temperature is
higher than the threshold (See Figures
10 and 11).

* During a typical winter month and under
free floating condition, the total number
of hours with an indoor air temperature
below 19 °C is predicted to increase
slightly from 88 hours in reference
scenario to 93 hours in reference
with cool roof scenario (scenario 1) in
Observatory station. The estimations
for Richmond stations also show a
slight increase in total number of hours
below 19 °C from 241 hours in reference
scenario to 249 hours in reference
with cool roof scenario (scenario 1).
The results show less increase in total
number hours below 19 °C between the
two scenarios (i.e. reference scenario
and reference with cool roof scenario
(scenario 1)) during operational hours of
the building. The number of hours below
19 °C during operational hours of the
building (i.e. Monday to Friday, 7 am-6
pm) is expected to increase from 26
hours in reference scenario to 27 hours
in reference with cool roof scenario
(scenario 1) in Observatory station.
Similarly, the calculation in Richmond
station shows a slight increase of
number of hours below 19°C from 69
hours to 75 hours during the operational
hours (See Table 5).

* During a typical summer month and
under free-floating condition, use of
cool roofs is predicted to significantly
decrease the number of hours above
26 °C. As computed, the number of
hours above 26 °C is 670 hours under
the reference scenario in Observatory
station, which decreases to 670 and
650 hours under the reference with
cool roof scenario (scenario 1) and cool
roof and modified urban temperature
scenario (scenario 2), respectively.
The simulations in Richmond station
also illustrate a significant reduction
in number of hours above 26 °C from
657 hours in reference scenario to 653
in reference with cool roof scenario
(scenario 1) and 625 hours in cool
roof and modified urban temperature
scenario (scenario 2), respectively (See
Table 6).

* As it can be deduced from the
feasibility analysis, the ‘Do Nothing’
approach has clearly the highest cost
over the building's life cycle. The Coating
Cool roof option is the most feasible
one, resulting in significant reductions
of life cycle costs of between 22,5
and 59.6% for all weather and energy
prices scenarios, as it can be seen in
Table 8. The Metal Cool roof option is
marginally feasible due to is higher initial
investment costs. Building 14 is in that
sense a good example of a cool roof’s
contribution to the important, reduction
of energy requirements and life cycle
costs in high-rise buildings, even when
those feature insulated roofs, since the
total loads are significant and therefore
even small percentual accumulate over
the building's life cycle.
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Floor area :1100m?
Number of stories 12

Image source: Westfield Tea Tree Plaza, Tea Tree

Plaza 976 North East Rd, Modbury, Tea Tree Gully,

South Australia 5092, Australia

Note: building characteristics change with climate
zones

Reference scenario

Reference building as described in
Appendix with a conventional roof.
Use of two sets of climatic data
including one climatic data simulated
by Weather Research Forecast (WRF)
for the current condition for two
summer months and one measured
annual weather data.

BUILDING 15

EXISTING LOW-RISE SHOPPING MALL

CENTRE

Scenario 1:
Reference with cool roof scenario

Same building as in the reference
scenario with a cool roof. Use of two
sets of climatic data including one
climatic data simulated by WRF for
the current condition for two summer
months and one measured annual
weather data.

Scenario 2:
Cool roof with modified urban
temperature scenario

Same building as in the reference
scenario with a cool roof. Use of
climatic data simulated by WRF
considering an extensive use of cool
roofs in the city.

Project name : Cool Roofs Cost Benefit Analysis Study
Project number : PRI-00004295

Date : 15 September 2021

Report contact : Prof Mattheos Santamouris
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9 Reference scenario, scenario 1, and scenario 2;
estimated for eleven weather stations in Sydney
using weather data simulated by WRF.

1

SENSIBLE AND TOTAL COOLING LOAD
FOR TWO SUMMER MONTHS UNDER

THREE SCENARIOS®

Table 1. Sensible and total cooling load for an existing low-rise shopping mall centre without roof insulation for two
summer months (i.e. January and February) under three scenarios including reference scenario, reference
with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario (scenario 2)

with weather data simulated by WRF for COP=1 for heating and cooling.

The building-scale
application of cool roofs
can decrease the two
summer months total
cooling load of the existing
low-rise shopping mall
centre from 80.3-87. kWh/
m?to 71.4-77.4 kWh/m-.

Stations Reference Scenario 1 Scenario 2
scenario Reference with Cool roof with
cool roof modified urban
scenario temperature
scenario
Sensible  Total Sensible  Total Sensible  Total
cooling cooling cooling cooling cooling cooling
(kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)
Sydney Airport  55.3 82.7 48.4 75.0 44.0 58.2
Terry Hill 59.4 80.3 51.2 71.4 48.7 61.8
Bankstown 61.2 83.2 53.9 75.3 49.9 59.9
Canterbury 56.7 82.0 49.8 74.4 45.9 60.2
Observatory 54.9 81.7 48.0 741 45.1 61.8
Richmond 71.6 87.5 62.0 77.4 59.1 66.5
Penrith 66.4 82.6 58.3 73.9 55.3 62.8
Horsley Park 64.8 82.1 56.7 73.4 51.3 60.0
Camden 67.3 81.5 59.2 72.9 55.7 61.1
Olympic Park 60.2 83.4 53.0 75.5 50.2 63.4
Campbelltown 64.0 81.3 56.1 72.8 52.7 60.4

Table 2. Sensible and total cooling load saving for an existing low-rise shopping mall centre without roof insulation
for reference scenario versus reference with cool roof scenario (scenario 1), and reference scenario versus
cool roof with modified urban temperature scenario (scenario 2) for two summer months (i.e. January and
February) with weather data simulated by WRF for COP=1 for heating and cooling.

For Scenario 1, the total
cooling load saving is
around 7.7-10.1 kWh/m?
which is equivalent to 9.3-
11.5 % of total cooling load
reduction.

For Scenario 2, the total
cooling load saving is
around 18.5-24.5 kWh/m?
which is equivalent to 23.0-
29.6 % total cooling load
reduction.

Stations Reference scenario versus Reference scenario versus
Reference with cool roof Cool roof with modified urban
scenario (Scenario 1) temperature scenario

(Scenario 2)
Sensible cooling  Total cooling Sensible cooling  Total cooling
kWh/m? % kWh/m? % kWh/m? % kWh/m? %

Sydney Airport 6.9 125 7.7 9.3 1.3 20.4 24.5 29.6

Terry Hill 8.2 13.8 8.9 11.1 10.7 18.0 18.5 23.0

Bankstown 7.3 11.9 7.9 9.5 11.3 18.5 233 28.0

Canterbury 6.9 12.2 7.6 9.3 10.8 19.0 21.8 26.6

Observatory 6.9 12.6 7.6 9.3 9.8 17.9 19.9 244

Richmond 9.6 134 10.1 11.5 12.5 17.5 21.0 24.0

Penrith 8.1 12.2 8.7 10.5 11.1 16.7 19.8 24.0

Horsley Park 8.1 12.5 8.7 10.6 13.5 20.8 221 26.9

Camden 8.1 12.0 8.6 10.6 11.6 17.2 20.4 25.0

Olympic Park 7.2 12.0 7.9 9.5 10.0 16.6 20.0 24.0

Campbelltown 7.9 12.3 8.5 10.5 11.3 17.7 20.9 25.7




In the eleven weather
stations in Sydney, the
combined building-

scale and urban-scale
application of cool roofs
can reduce the cooling
load of the existing low-
rise shopping mall centre
with insulation during the
summer season.
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Figure 1. Spatial distribution of total cooling load for reference scenario for two summer months (i.e. January and
February) for an existing low-rise shopping mall centre with weather data simulated by WRF for COP=1
for heating and cooling.
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Figure 2. Spatial distribution of total cooling load for reference with cool roof scenario (scenario 1) for two summer

months (i.e. January and February) for an existing low-rise shopping mall centre with weather data
simulated by WRF for COP=1 for heating and cooling.
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Figure 3. Spatial distribution of total cooling load for cool roof with modified urban temperature scenario (scenario
2) for two summer months (i.e. January and February) for an existing low-rise shopping mall centre with
weather data simulated by WRF for COP=1 for heating and cooling.
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Table 3. Annual cooling and heating loads for an existing low-rise shopping mall centre for two scenarios including
reference scenario and reference with cool roof scenario (scenario 1) using annual measured weather
data for COP=1 for heating and cooling.

h / Ji Stations Reference Scenario 1

The annual coo ng scenario Reference with

and heating simulation cool roof scenario

usmg annual measured Annual Annual Annual Annual

weather data illustrates cooling load heating load cooling load heating load

that the annual heating (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)

penalty (0_ 1-0.7 kWh/mZ) Sensible Total Sensible Total Sensible Total Sensible Total

is Significantl)/ lower than Sydney Airport 177.6 227.8 0.8 2.2 158.7 207.7 0.9 2.3

the annual cooling load Terry Hill 157.2 2147 1.4 4.3 130.7 1857 1.5 4.6

reduction (20.1-31.5 kWh/ Bankstown 183.6 2281 1.8 5.3 160.1 2031 1.9 5.6

mz)- Canterbury 167.8 2123 1.6 5.4 1454 1884 1.8 5.9
Observatory 180.6 222.2 0.9 2.4 157.3 197.6 0.9 2.6
Richmond 188.8 237.4 2.4 7.5 164.2 211.1 2.5 7.9
Penrith 202.1 2523 1.7 5.4 172.5 220.8 1.9 5.8
Horsley Park 185.1 223.5 1.9 5.7 156.7 193.7 2.1 6.1
Camden 175.7 209.7 2.8 9.0 150.3 183.0 3.0 9.7
Olympic Park 189.9 245.4 1.6 4.6 163.0 216.6 1.6 4.9
Campbelltown 174.4 206.3 2.6 7.9 148.0 178.6 2.8 8.4

Table 4. Annual cooling load saving, heating load penalty, and total cooling and heating saving for reference scenario
versus reference with cool roof scenario (scenario 1) for an existing low-rise shopping mall centre using
annual measured weather data for COP=1 for heating and cooling.

. Stations Annual Annual Annual total
The.annual CQO/’ng load cooling load heating load cooling & heating load
saving by building-scale saving penalty saving
application of cool roofs is
GI’OUI’)d 8. 8-73.5 0/0. Sensible Total Sens. Total Sensible Total
KWh/m? % KWh/m? % kWh/m? kWh/m? % kWh/m? %

; Sydney Airport 189 106 201 88 01 01 188 105 200 87
The annual total cooling ydney Airpor

and heating load saving by Terry Hill 265 169 290 135 01 03 264 166 287 13.1
building-scale application Bankstown 235 128 250 110 01 03 234 126 247 106
of cool roofs ranges Canterbury 224 133 239 113 02 05 222 131 234 107

between 20.0 and 31.1

kWh/m? ("'8 7-12.8 %) Observatory 233 129 246 11.1 0.0 0.2 233 128 244 109

Richmond 246 130 263 111 0.1 0.4 245 128 259 106

Penrith 296 146 315 125 0.2 0.4 294 144 311 1241

Horsley Park 284 153 298 133 0.2 0.4 282 151 294 128

Camden 254 145 26.7 127 0.2 0.7 252 141 260 11.9

Olympic Park 269 142 288 117 0.0 0.3 269 140 285 114

Campbelltown 264 151 277 134 0.2 0.5 26.2 148 272 127




¢ Reference scenario, scenario 1, and scenario

2; estimated for weather stations presenting

the lowest and highest ambient temperatures in
Sydney (i.e. Observatory Hill and Richmond) using
weather data simulated by WRF.

3

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL WARM PERIOD UNDER THREE
SCENARIOS®

During a typical summer
week, the ambient air
temperature is predicted
to decrease from a range
19.2-39.8 °C in reference
scenario to a range 18.1-
38.9 °in scenario 2 in
Observatory station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.6-1.6 °C compared to
the reference scenario in
Observatory station.
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Figure 4. Indoor air temperature and ambient temperature for three scenarios including reference scenario,

For scenario 2, the ambient
temperature is predicted to
decrease from 17.2-44.7°C
in reference scenario to
15.9-43.6°C in Richmond
station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.7-1.7 °C compared to
the reference scenario in
Richmond station.

reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for an existing low-rise shopping mall centre under free floating conditions during a typical
summer week in Observatory station using weather data simulated by WRF.
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Figure 5. Indoor air temperature and ambient temperature for three scenarios including reference scenario,

reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for an existing low-rise shopping mall centre under free floating conditions during a typical
summer week in Richmond station using weather data simulated by WRF.



During a typ,cal summer Reference scenario vs scenario 1
week, the indoor air Reference scenario vs scenario 2
temperature of the O 4
reference scenario ranges et
between 26.1-49.9 °C and =
26.4-54.1 °C in Observatory ©
and Richmond stations, ®
respectively. &
-
< 2
o
o
o
—
0 s I ' | L} I = I 3 1 "
8 Feb 9 Feb 10 Feb 11 Feb 12 Feb 13 Feb 14 Feb
Date

Figure 6. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for an existing low-rise shopping mall centre under free-floating conditions during a typical summer
week in Observatory station using weather data simulated by WRF.

For Scenario 1 (building-

scale), the maximum ; ;
indoor tem perature Reference scenario vs scenario 2

Reference scenario vs scenario 1

reduction is estimated
tobe 2.8°Cand 3.0°Cin
Observatory and Richmond
stations, respectively.

For Scenario 2 (combined
building- and urban-scale),
the maximum indoor
temperature reduction
increases up to 4.0 °C

and 4.0 °C in Observatory
and Richmond stations,
respectively.
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Figure 7. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) an existing new low-rise shopping mall centre under free-floating conditions during a typical summer
week in Richmond station using weather data simulated by WRF.
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d Reference scenario and scenario; estimated
for weather stations presenting the lowest an
highest ambient temperatures in Sydney (i.e.
Observatory Hill and Richmond) using annual
measured weather data.

4

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL COLD PERIOD UNDER TWO
SCENARIOS?

d

40

During a typical winter
week, the indoor air
temperature is expected
to decrease slightly from
arange 13.4-31.9°Cin
reference scenario to
arange 13.3-31.3°Cin
scenario 1 in Observatory
Hill station.
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Figure 8. Indoor air temperature and ambient temperature for two scenarios including reference scenario and

reference with cool roof scenario (scenario 1) for an existing low-rise shopping mall centre under free-
floating condition during a typical winter week in Observatory station using annual measured weather data.

40

is predicted to reduce
from a range 8.2-31.3
°C in reference scenario
to a range 8.1-30.8 °C in
scenario 1 in Richmond
station.

The indoor air temperature
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Figure 9. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for an existing low-rise shopping mall centre under free-
floating condition during a typical winter week in Richmond station using annual measured weather data.
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For Scenario 1, the average
maximum indoor air
temperature reduction by
building-scale application
of cool roofs is predicted to
be just 0.9 °C and 0.9 °C in
Observatory and Richmond
stations, respectively.
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Figure 10. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for an existing low-rise shopping mall centre under free-floating conditions during a typical
winter month in Observatory station using annual measured weather data.
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Figure 11. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for an existing low-rise shopping mall centre under free-floating conditions during a typical
winter month in Richmond station using annual measured weather data.
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NUMBER OF HOURS WITH INDOOR AIR
€ For free-floating condition in weather stations T E M P E RATU R E B E LOW /I 9 ° C D U RI N G
presentmgthe'lfwestanq highest ambient‘ A TYP | CAL CO |_ D P E R | O D AN D AB O\/E
it g i e e 26°C DURING A TYPICAL WARM PERIODE

Table 5. Number of hours with indoor air temperature below 19 °C in free-floating mode during a typical winter
month using annual measured weather data.

Stations Reference Scenario 1

During a typiCCl/ winter scenario Reference with )
month, the total number cool roof scenario
of hours with an indoor N .

. perational Total Operational Total
air temperature (<19 °C) hours* hours*
is predicted to slightly
. . Observatory 32 208 34 217
increase from 208 hours in
reference scenario to 217 Richmond 60 293 62 302
hOUfS, andfrom 293 to * Operational hours of the building: Monday to Friday, 7 am-6 pm.

302 hours in scenario 1 in
Observatory and Richmond
stations, respectively.

The number operational
hours with air temperature
<19 °C during slightly
increase from 32 hours

in reference scenario
compared to 34 hours in
scenario 1 in Observatory;
and from 60 to 62 hours in
Richmond station.

Table 6. Number of hours with indoor air temperature above 26 °C in free-floating mode during a typical summer
month using weather data simulated by WRF.

. . Stations Reference Scenario 1 Scenario 2
Durmg a typ/ca/ summer scenario Reference with Cool roof with
month, the total number cool roof scenario  modified urban
of hours with an indoor HERTEErE LTS

. scenario
air temperature (>26 °C)
is predicted to slightly Observatory 658 650 595

decreased from 658 hours
in reference scenario Richmond 624 604 570
to 650 and 595 hours
under scenario 1 and 2 in
Observatory station; and
from 624 hours in
reference scenario to

604 and 570 hours
under scenario 1 and

2 in Richmond station,
respectively.




ECONOMIC FEASIBILITY OF COOL ROOFS:
EVALUATION OF REFURBISHMENT

Despite the limited energy
saving potential, the ‘Do
Nothing’ approach has a
cost that is always higher
than that of both Cool
Roofs technologies.

Table 7.

Building 15 is a good
example of what happens
when a cool roof is to

be applied in an already
insulated, energy efficient
low-rise building. Its
contribution is important,
given the impact the roof
has on the building’s
cooling loads and the
results, especially of the
Coating Cool roof are very
appealing.

The building and its energy performance

Building 15 is an existing. low-rise shopping mall building, with a total air-conditioned
area of 2.200 m? distributed on two levels. The 1.100 m? roof is uninsulated, resulting
in a rather poor energy performance of the building, hence leading to an important
energy savings’' potential due to the cool roof of approximately 11 %. The main
features of the building's energy performance both for Observatory and Richmond
stations are presented in Table 7.

Energy performance features of Building 15.

Energy performance features Observatory Richmond
Energy consumption prior cool roof (MWh) 197,6 215,5
Energy consumption after cool roof (MWh) 176,2 192,7
Energy savings (MWh) 21,4 22,8
Energy savings (%) 10,83 % 10,58 %
Area (m?) 1.100 1.100
Roof costs - Metal roof (AU$/m?) 38,0 38,0
Roof costs - Coating (AU$/m?) 22,75 22,75
Life expectancy - Metal roof (years) 28,5 28,5
Life expectancy - Coating (years) 22,5 22,5
HVACs COP 2,5 2,5
Existing roof's renovation costs (AU$/m?) 15,0 15,0

The cool roof refurbishment options

Two possible options are being considered for reducing energy loads by utilizing
cool technologies on the roof:

+ A metal roof with cool characteristics is installed on top of the existing roof
* A cool coating is applied on the existing roof

Both options have the same energy efficiency, resulting in almost identical energy
savings of 10,83% for the Observatory weather conditions and of 10,58 % for the
Richmond conditions. The metal roof option has higher investment costs, but also a
greater life expectancy, namely of 28,5 vs. 22,5 years, as presented in Table 7.



The Coating Cool Roof is
for all weather and energy
prices scenarios the most
feasible option, resulting
in reductions of life cycle
costs of between 28,1 and
29,1 % (Table 8).

The Metal Cool Roof
presents slightly less
attractive results, but still
very favorable ones. In

the case of this specific
building, due to its typology
and operational profile

the impact of weather
differences between
Observatory and Richmond
is limited.

Feasibility analysis results

The feasibility analysis has been carried out by four methods, namely Net Present
Value, Internal Rate of Return, Payback Period and Life Cycle Cost. Since the
implementation of cool roofs techniques is not a revenue generating investment,
the determining factor is the Life Cycle Cost, in the sense that the solution that
ensures its minimization is the most suitable one. As we are examining a retrofitting,
the Life Cycle Cost of the “Do nothing” scenario does not consider the construction
cost, but only a refurbishment of the existing roof after 15 years.

The analysis has been carried out for two electricity prices scenarios, one for a low
initial price of 150 AU$/MWh and one for a high, of 290 AU$/MWh. The results of the
Life Cycle Cost analysis are presented in Figure 12 for Observatory and Richmond
weather conditions, respectively.

Life Cycle Cost of Building 14

Richmond High Encr gy Price
Richmond Low Energy Price
Obervatory Hills High Energy Price

Obervatory Hills Low Energy Price

0 200,000 400,000 GOO,000 200,0001,000,000, 200,000,400,000

B Coating Cool Rool B Metal Cool Boof B Do Nothing

Figure 12. Life Cycle Costs for Building 15 for Observatory and Richmond stations.

Table 8. Reduction of Life Cycle Costs, compared to the ‘Do Nothing' approach.

Reduction of Life  Observatory Richmond
Cycle Costs
Low Energy High Energy  Low Energy High Energy
Price Price Price Price
Metal Cool Roof 8,64 % 10,60 % 8,73 % 873%
Coating Cool Roof 28,09 % 29,14 % 28,07 % 28,07 %
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CONCLUSIONS

+ It is estimated that both building-
scale and combined building-scale and
urban scale application of cool roof can
significantly reduce the cooling load
of the existing low-rise shopping mall
centre during the summer season.

* In the eleven weather stations in
Sydney, the building-scale application of
cool roofs can decrease the two summer
months total cooling load of the existing
low-rise shopping mall centre from
80.3-87.5 kWh/m? to 71.4-77.4 kWh/m?.
As computed, the two summer months
total cooling load saving by building-
scale application of cool roofs is around
7.7-10.1 kWh/m?2. This is equivalent to
approximately 9.3-11.5 % total cooling
load reduction in reference with cool
roof scenario (scenario 1) compared to
the reference case scenario (See Table 1
and 2 and Figures 1 and 2).

* In the eleven weather stations in
Sydney, the combined building-scale
and urban-scale application of cool roofs
is estimated to reduce the two summer
months total cooling by 18.5-24.5 kWh/
m?. This is equivalent to 23-29.6 % total
cooling load reduction in cool roof and
modified urban temperature scenario
(scenario 2) compared to the reference
scenario (See Table 1 and 2 and Figures
2 and 3).

« The annual cooling and heating
simulation using annual measured
weather data illustrate that the annual
heating penalty (0.1-0.7 kWh/m?) is
significantly lower than the annual
cooling load reduction (20.1-31.5 kWh/
m?). As calculated, the annual cooling
load saving by building-scale application
of cool roofs is around 8.8-13.5 %. The
annual total cooling and heating load
saving by building-scale application of
cool roofs ranges between 20.0 and 31.1
kWh/m? (~8.7-12.8%) (See Table 3 and 4).

+ During a typical summer week and
under free floating condition, the indoor
airtemperature of the reference scenario
ranges between 26.1-49.9 °C and 26.4-
54.1 °C in Observatory and Richmond
stations, respectively. When cool roofs
are applied at a building scale (scenario
1), the maximum indoor temperature
reduction is estimated to be 2.8 and 3.0
°Cin Observatory and Richmond stations,
respectively. The indoor air temperature
reduction is foreseen to increase further
to 4.0 and 4.0 °C by combined building-
scale and urban-scale application of cool
roofs (scenario 2) in Observatory and
Richmond stations, respectively (See
Figures 4-7).

* During a typical summer week, the
ambient air temperature is predicted to
decrease from a range between 19.2 and
39.8 °C in reference scenario to a range
between 18.1 and 38.9 °Ciin cool roof and
modified urban temperature scenario
(scenario 2) in Observatory station. The
ambient temperature reduction in cool
roof and modified urban temperature
scenario (scenario 2) compared to the
reference scenario is approximately
0.6-1.6  °C. Similarly, the ambient
temperature is predicted to decrease
from 17.2-44.7 °C in reference scenario
to 15.9-43.6 °C in cool roof and modified
urban temperature scenario (scenario
2) in Richmond station. The estimated
ambient temperature reduction is 0.7-
1.7 °C in Richmond station (See Figures
4 and 6).

* During a typical winter week and under
free floating condition, the indoor air
temperature is expected to decrease
slightly from a range between 13.4 and
31.9 °C in reference scenario to a range
between 13.3 and 31.3 °C in reference
with cool roof scenario (scenario 1) in
Observatory Hill station (See Figure 8).




Similarly, the indoor air temperature
is predicted to reduce from a range
between 8.2 and 31.3 °C in reference
scenario to arange between 8.1 and 30.8
°C in reference with cool roof scenario
(scenario 1) in Richmond station (See
Figures 8 and 9).

+ During a typical winter month and
under free floating condition, the average
maximum indoor air temperature
reduction by building-scale application
of cool roofs is predicted to be just 0.9 °C
and 0.9 °Cin Observatory and Richmond
stations, respectively. Positively,
temperature decrease happens mainly
during the non-heating period when
indoor temperature is higher than the
threshold (See Figures 10 and 11).

* During a typical winter month and under
free floating condition, the total number
of hours with an indoor air temperature
below 19 °C is predicted to increase
slightly from 208 hours in reference
scenario to 217 hours in reference
with cool roof scenario (scenario 1) in
Observatory station. The estimations
for Richmond stations also show a
slight increase in total number of hours
below 19 °C from 293 hours in reference
scenario to 302 hours in reference
with cool roof scenario (scenario 1).
The results show less increase in total
number hours below 19 oC between the
two scenarios (i.e. reference scenario
and reference with cool roof scenario
(scenario 1)) during operational hours
of the building. The number of hours
below 19 °C during operational hours of
the building (i.e. 7 am-6 pm) is expected
to increase from 32 hours in reference
scenario to 34 hours in reference
with cool roof scenario (scenario 1)
in Observatory station. Similarly, the
calculation in Richmond station shows a
slightincrease of number of hours below
19 oC from 60 hours to 62 hours during
the operational hours (See Table 5).

* During a typical summer month and
under free-floating condition, use of
cool roofs is predicted to significantly
decrease the number of hours above
26 °C. As computed, the number of
hours above 26 °C is 658 hours under
the reference scenario in Observatory
station, which decreases to 650 and
595 hours under the reference with
cool roof scenario (scenario 1) and cool
roof and modified urban temperature
scenario (scenario 2), respectively.
The simulations in Richmond station
also illustrate a significant reduction
in number of hours above 26 °C from
624 hours in reference scenario to 604
in reference with cool roof scenario
(scenario 1) and 570 hours in cool
roof and modified urban temperature
scenario (scenario 2), respectively (See
Table 6).

* As it can be deduced from the
feasibility analysis, despite the limited
energy saving potential, the ‘Do Nothing’
approach has a cost that is always higher
thanthatofboth CoolRoofstechnologies.
The Coating Cool Roof is for all weather
and energy prices scenarios the most
feasible option, resulting in reductions
of life cycle costs of between 28,1 and
29,17% as it can be seen in Table 8. The
Metal Cool Roof presents slightly less
attractive results, but still very favorable
ones. In the case of this specific building,
due to its typology and operational
profile the impact of weather differences
between Observatory and Richmond
is limited. Building 15 is in that sense a
good example of what happens when a
cool roof is to be applied in an already
insulated, energy efficient low-rise
building. Its contribution is important,
given the impact the roof has on the
building's cooling loads and the results,
especially of the Coating Cool roof are
very appealing.
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Floor area :1100m?
Number of stories 16

Image source: Mall of America, Minneapolis

Note: building characteristics change with climate
zones

Reference scenario

Reference building as described in
Appendix with a conventional roof.
Use of two sets of climatic data
including one climatic data simulated
by Weather Research Forecast (WRF)
for the current condition for two
summer months and one measured
annual weather data.

BUILDING 16

EXISTING HIGH-RISE SHOPPING MALL

CENTRE

Scenario 1:
Reference with cool roof scenario

Same building as in the reference
scenario with a cool roof. Use of two
sets of climatic data including one
climatic data simulated by WRF for
the current condition for two summer
months and one measured annual
weather data.

Scenario 2:
Cool roof with modified urban
temperature scenario

Same building as in the reference
scenario with a cool roof. Use of
climatic data simulated by WRF
considering an extensive use of cool
roofs in the city.

Project name : Cool Roofs Cost Benefit Analysis Study
Project number : PRI-00004295

Date : 15 September 2021
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1

SENSIBLE AND TOTAL COOLING LOAD
FOR TWO SUMMER MONTHS UNDER
THREE SCENARIOS®

9 Reference scenario, scenario 1, and scenario 2;
estimated for eleven weather stations in Sydney
using weather data simulated by WRF.

Table 1. Sensible and total cooling load for an existing high-rise shopping mall centre for two summer months

(i.e. January and February) under three scenarios including reference scenario, reference with cool roof
scenario (scenario 1), and cool roof with modified urban temperature scenario (scenario 2) with weather
data simulated by WRF for COP=1 for heating and cooling.

he buildi / Stations Reference Scenario 1 Scenario 2

The building-scale scenario Reference with Cool roof with

app//cat/on of cool roofs cool roof modified urban

scenario temperature
can decrease the two scenario
summer months total
i ieti Sensible  Total Sensible  Total Sensible  Total

CQO/m{g load Of Q” €XISl'II’Ig cooling cooling cooling cooling cooling cooling

high-rise shopping mall (kWh/m?)  (kWh/m?) (kKWh/m?) (KWh/m?) (kWh/m?) (kWh/m?)

centre from 75.9-82.6 kWh/ Sydney Airport  52.0 79.2 49.9 76.9 456 60.2

m?to 73.1-79.3 kWh/m?. Terry Hill 55.1 75.9 525 73.1 50.4 637
Bankstown 57.5 79.4 55.2 76.9 51.5 61.7
Canterbury 53.2 78.4 51.1 76.1 47.5 62.1
Observatory 51.5 78.2 49.4 75.9 46.7 63.8
Richmond 66.8 82.6 63.7 79.3 60.7 68.4
Penrith 62.2 78.2 59.6 75.5 56.8 64.5
Horsley Park 60.5 77.8 58.0 75.1 52.3 61.2
Camden 63.0 77.1 60.5 74.4 57.0 62.6
Olympic Park 56.5 79.5 54.2 771 51.7 65.2
Campbelltown 59.9 77.0 57.4 74.4 54.2 62.2

Table 2. Sensible and total cooling load saving for an existing high-rise shopping mall centre for reference scenario
versus reference with cool roof scenario (scenario 1), and reference scenario versus cool roof with
modified urban temperature scenario (scenario 2) for two summer months (i.e. January and February)
with weather data simulated by WRF for COP=1 for heating and cooling.

. Stations Reference scenario versus Reference scenario versus
For Scenario 1, the total Reference with cool roof Cool roof with modified urban
coo/ing load saving is scenario (Scenario 1) temperature scenario
around 2.3-3.3 kWh/m? G
which is equiva/ent to 2.9- Sensible cooling  Total cooling Sensible cooling  Total cooling
4.0 % of total cooling load KWh/m? % KWh/m? % KWh/m? % KWh/m? %
reduction. Sydney Airport 2.1 4.0 23 29 6.4 123 190 240
Terry Hill 2.6 4.7 2.8 3.7 4.7 8.5 12.2 16.1
For Scenario 2, the total Bankstown 23 4.0 2.5 3.1 6.0 10.4 17.7 22.3
cooling load saving is Canterbury 2.1 3.9 23 2.9 5.7 10.7 16.3 20.8
around 12.2-19.0 kWh/m? Observatory 2.1 4.1 23 2.9 4.8 9.3 144 184
which is equiva/ent to 16.1- Richmond 3.1 4.6 33 4.0 6.1 9.1 14.2 17.2
24.0 % total cooling load Penrith 26 4.2 27 35 5.4 8.7 137 175
reduction. Horsley Park 2.5 4.1 2.7 3.5 8.2 13.6 16.6 21.3
Camden 2.5 4.0 2.7 3.5 6.0 9.5 14.5 18.8
Olympic Park 23 4.1 2.4 3.0 4.8 8.5 143 18.0

Campbelltown

2.5 4.2 2.6 34

5.7 9.5 14.8 19.2




In the eleven weather
stations in Sydney, the
combined building-
scale and urban-scale
application of cool roofs

can significantly reduce the

cooling load of an existing
high-rise shopping mall
centre during the summer
season.

- Total conling‘

Had3zaae
W ka2 D T

Figure 1. Spatial distribution of total cooling load for reference scenario for two summer months (i.e. January and
February) for an existing high-rise shopping mall centre with weather data simulated by WRF for COP=1
for heating and cooling.

L

Figure 2. Spatial distribution of total cooling load for reference with cool roof scenario (scenario 1) for two summer
months (i.e. January and February) for an existing high-rise shopping mall centre with weather data
simulated by WRF for COP=1 for heating and cooling.
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Figure 3. Spatial distribution of total cooling load for cool roof with modified urban temperature scenario (scenario
2) for two summer months (i.e. January and February) for an existing high-rise shopping mall centre with
weather data simulated by WRF for COP=1 for heating and cooling.
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et 0 UNDER TWO SCENARIOS?

Table 3. Annual cooling and heating loads for an existing high-rise shopping mall centre for two scenarios including
reference scenario and reference with cool roof scenario (scenario 1) using annual measured weather
data for COP=1 for heating and cooling.

. Stations Reference Scenario 1

The annual COO//ng scenario Reference with

and heating simulation cool roof scenario

usmg annual measured Annual Annual Annual Annual

weather data illustrates cooling load heating load cooling load heating load

that the Gnnual heating (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)

penalty (0_ 0-0.2 kWh/mZ) Sensible Total Sensible Total Sensible Total Sensible Total

is Significantl)/ lower than Sydney Airport 171.3 221.8 0.5 1.3 166.0 216.2 0.5 1.3

the annual Coo//ng load Terry Hill 1441 2015 0.9 2.9 1363 1929 09 3.0

reduction (5.6-9.6 kWh/m?). Bankstown 1722 2166 1.1 3.8 1653 2094 12 3.9
Canterbury 157.9 2025 1.0 3.7 1514 1955 1.0 3.9
Observatory 172.4 214.1 0.5 1.3 165.6 206.9 0.5 1.4
Richmond 175.6 223.9 1.9 6.3 168.2 216.0 1.9 6.4
Penrith 186.0 235.7 1.2 4.0 176.9 226.1 1.2 4.2
Horsley Park 170.4 208.8 1.3 4.2 161.9 199.8 1.3 4.3
Camden 162.0 196.1 2.1 7.4 154.5 188.2 2.2 7.6
Olympic Park 176.2 231.5 1.0 3.2 168.3 223.0 1.0 33
Campbelltown 159.6 191.5 1.9 6.2 151.9 183.4 1.9 6.4

Table 4. Annual cooling load saving, heating load penalty, and total cooling and heating saving for reference scenario
versus reference with cool roof scenario (scenario 1) for a new high-rise shopping mall centre using annual
measured weather data for COP=1 for heating and cooling.

Stations Annual Annual Annual total

The.annual CQO/ing load cooling load heating load cooling & heating load

saving by building-scale saving penalty saving

application of cool roofs is

GI’OUI’)d 2'5_4'3 %. Sensible Total Sens. Total Sensible Total
KWh/m? % KWh/m? % kWh/m? kWh/m? % kWh/m? %

; Sydney Airport 53 31 56 25 00 00 53 31 56 25
The annual total cooling ydney Airpor

and heatl'ng /Oad saving by Terry Hill 7.8 5.4 8.6 4.3 0.0 0.1 7.8 5.4 8.5 4.2
building-scale application Bankstown 69 40 72 33 01 01 68 39 71 32
of cool roofs ranges Canterbury 65 41 70 35 00 02 65 41 68 33

between 5.6 and 9.4 kWh/

Observator 6.8 3.9 7.2 34 0.0 0.1 6.8 3.9 7.1 3.3
m? (~2.5-4.2 %). y

Richmond 7.4 4.2 7.9 3.5 0.0 0.1 7.4 4.2 7.8 34

Penrith 9.1 4.9 9.6 4.1 0.0 0.2 9.1 4.9 9.4 3.9

Horsley Park 8.5 5.0 9.0 4.3 0.0 0.1 8.5 5.0 8.9 4.2

Camden 7.5 4.6 7.9 4.0 0.1 0.2 7.4 4.5 7.7 3.8

Olympic Park 7.9 4.5 8.5 3.7 0.0 0.1 7.9 4.5 8.4 3.6

Campbelltown 7.7 4.8 8.1 4.2 0.0 0.2 7.7 4.8 7.9 4.0




¢ Reference scenario, scenario 1, and scenario

2; estimated for weather stations presenting

the lowest and highest ambient temperatures in
Sydney (i.e. Observatory Hill and Richmond) using

weather data simulated by WRF.

3

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL WARM PERIOD UNDER THREE
SCENARIOS®

During a typical summer
week, the ambient air
temperature is predicted
to decrease from a range
19.2-39.8 °C in reference
scenario to a range 18.1-
38.9 °in scenario 2 in
Observatory station.

65
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60 + ~—— Inddoor air temp-Scenaria 1
55 _- — Indoor air tlemp-Scenario 2
47 Ambéant temp-Reference scenario & scenario |
50 = Ambsant temp-Scanaric 2

Temperature (°C)

For Scenario 2, the
estimated ambient
temperature reduction is
0.6-1.6 °C compared to
the reference scenario in
Observatory station.

Figure 4. Indoor air temperature and ambient temperature for three scenarios including reference scenario,

reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for an existing high-rise shopping mall centre under free floating conditions during a typical
summer week in Observatory station using weather data simulated by WRF.

in reference scenario to
15.9-43.6°C in Richmond
station.

For scenario 2, the ambient
temperature is predicted to
decrease from 17.2-44.7°C
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For Scenario 2, the
estimated ambient
temperature reduction is
0.7-1.7 °C compared to
the reference scenario in
Richmond station.
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Figure 5. Indoor air temperature and ambient temperature for three scenarios including reference scenario,
reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for an existing high-rise shopping mall centre under free floating conditions during a typical
summer week in Richmond station using weather data simulated by WRF.



During a typical summer Reference scenario vs scenario 1
Week the indoor air Reference scenario vs scenario 2
temperature of the o 2
reference scenario ranges =
between 28.1-48.2 °C and 3
28.3-52.5°C in Observatory e
and Richmond stations, .
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Figure 6. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for an existing high-rise shopping mall centre under free-floating conditions during a typical summer

week in Observatory station using weather data simulated by WRF.

For Scenario 1 (building- Reference scenario vs scenario 1

;cale), the maximum — Reference scenario vs scenario 2
indoor temperature

reduction is estimated
tobe 1.0°Cand 1.1 °Cin
Observatory and Richmond
stations, respectively.
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For Scenario 2 (combined
building- and urban-scale),
the maximum indoor
temperature reduction
increases up to 2.1 °C

and 2.2 °C in Observatory
and Richmond stations,
respectively.
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Figure 7. Indoor temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for an existing highrise shopping mall centre under free-floating conditions during a typical summer

week in Richmond station using weather data simulated by WRF.



d Reference scenario and scenario; estimated
for weather stations presenting the lowest and
highest ambient temperatures in Sydney (i.e.
Observatory Hill and Richmond) using annual
measured weather data.

4

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A

TYPICAL COLD PERIOD UNDER TWO

SCENARIOS?

During a typical winter
week, the indoor air
temperature is expected
to slightly decrease from
a range 15.5-31.5°Cin
reference scenario to

a range 15.5-31.4°Cin
scenario 1 in Observatory
Hill station.
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Figure 8. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for an existing high-rise shopping mall centre under free-
floating condition during a typical winter week in Observatory station using annual measured weather data.

The indoor air temperature
is predicted to reduce
from a range 10.5-30.8

°C in reference scenario

to a range 10.5-30.7 °Cin
scenario 1 in Richmond
station.
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Figure 9. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for an existing high-rise shopping mall centre under free-
floating condition during a typical winter week in Richmond station using annual measured weather data.



For Scenario 1, the average
maximum indoor air
temperature reduction by
building-scale application
of cool roofs is predicted to
be just 0.3 °C and 0.3 °Cin
Observatory and Richmond
stations, respectively.

0.5

Indoor temp reduction-Reference scenario vs scenario 1 ("C)
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35

Figure 10. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for an existing high-rise shopping mall centre under free-floating conditions during a typical

Temperature decrease
mainly happens during the
non-heating period when
indoor temperature is
higher than the threshold.

winter month in Observatory station using annual measured weather data.
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Figure 11. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for an existing high-rise shopping mall centre under free-floating conditions during a typical

winter month in Richmond station using annual measured weather data.



€ For free-floating condition in weather stations

presenting the lowest and highest ambient

temperatures in Sydney (i.e. Observatory Hill and
Richmond) using annual measured weather data.

5

NUMBER OF HOURS WITH INDOOR AIR
TEMPERATURE BELOW 19°C DURING

A TYPICAL COLD PERIOD AND ABOVE
26°C DURING A TYPICAL WARM PERIOD®

Table 5. Number of hours with indoor air temperature below 19 °C in free-floating mode during a typical winter

month using annual measured weather data.

During a typical winter
month, the total number
of hours with an indoor
air temperature (<19 °C) is
predicted to oC is predicted
to increase slightly with 97
in the reference scenario
and 99 hours in Scenario

1 in Observatory; and
from 223 to 237 hours

in Richmond stations,
respectively.

Stations Reference Scenario 1
scenario Reference with
cool roof scenario
Operational Operational
hours* VELE] hours* e
Observatory 16 97 16 99
Richmond 53 233 54 237

The number operational
hours with air temperature
<19 °C during slightly
increase from 16 hours

in reference scenario
compared to 16 hours in
scenario 1 in Observatory;
and from 53 to 54 hours in
Richmond station.

* Operational hours of the building: Monday to Friday, 7 am-6 pm.

month using weather data simulated by WRF.

Table 6. Number of hours with indoor air temperature above 26 °C in free-floating mode during a typical summer

During a typical summer
month, the total number
of hours with an indoor
air temperature (>26 °C)
is predicted to slightly
decreased from 670 hours
in reference scenario

to 670 and 666 hours
under scenario 1 and 2
in Observatory station;
and from 660 hours in
reference scenario to 655
and 634 hours under
scenario 2 in Richmond
station, respectively.

Stations Reference Scenario 1 Scenario 2
scenario Reference with Cool roof with
cool roof scenario modified urban
temperature
scenario
Observatory 670 670 666
Richmond 660 655 634
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ECONOMIC FEASIBILITY OF COOL ROOFS:
EVALUATION OF REFURBISHMENT

Even in this rather
unfavourable building,

with a typology that limits
the energy saving potential
of the roof, the ‘Do Nothing’
approach has a cost that

is always higher than both
Cool Roofs techniques.

Table 7.

Building 16 is a good
example of what happens
when cool roof is to be
applied in an already
insulated, energy efficient
high-rise building. Its
contribution is not
dramatic, but it is still
positive and feasible,
particularly when using
the less cost-intensive
cool coating option and
obviously more so for high
energy prices.

The building and its energy performance

Building 16 is an existing, high-rise shopping mall centre, with a total air-conditioned
area of 6.600 m? distributed on six levels. The 1.100 m? roof is uninsulated, but due
to the fact that it is a high-rise building, the roof's impact of the roof on the whole
building is not that big. Still, the energy savings’ potential due to the cool roof reach
3,4%. The main features of the building's energy performance both for Observatory
and Richmond stations are presented in Table 7.

Energy performance features of Building 16.

Energy performance features Observatory Richmond
Energy consumption prior cool roof (MWh) 568,6 607,7
Energy consumption after cool roof (MWh) 549,9 587,1
Energy savings (MWh) 18,7 20,6
Energy savings (%) 3,29 % 3,39 %
Area (m?) 1.100 1.100
Roof costs - Metal roof (AU$/m?) 38,0 38,0
Roof costs - Coating (AU$/m?) 22,75 22,75
Life expectancy - Metal roof (years) 28,5 28,5
Life expectancy - Coating (years) 22,5 22,5
HVACs COP 2,5 2,5
Existing roof's renovation costs (AU$/m?) 15,0 15,0

The cool roof refurbishment options

Two possible options are being considered for reducing energy loads by utilizing
cool technologies on the roof:

+ A metal roof with cool characteristics is installed on top of the existing roof
+ Acool coating is applied on the existing roof

Both options have the same energy efficiency, resulting in energy savings of 3,29%
for the Observatory weather conditions and of 3,39% for the Richmond conditions.
The metal roof option has higher investment costs, but also a greater life expectancy,
namely of 28,5 vs. 22,5 years, as presented in Table 7.



In the case of the Metal
Cool Roof it is between
3,58 and 4,05%. The
Coating Cool Roof is for
all weather and energy
prices scenarios the most
feasible option, resulting
in important reductions of
life cycle costs of between
23,15 and 23,68% (Table
8).

In the case of this specific
building, due to its typology
and operational profile

the impact of weather
differences between
Observatory and Richmond
is limited.

Feasibility analysis results

The feasibility analysis has been carried out by four methods, namely Net Present
Value, Internal Rate of Return, Payback Period and Life Cycle Cost. Since the
implementation of cool roofs techniques is not a revenue generating investment,
the determining factor is the Life Cycle Cost, in the sense that the solution that
ensures its minimization is the most suitable one. As we are examining a retrofitting,
the Life Cycle Cost of the “Do nothing” scenario does not consider the construction
cost, but only a refurbishment of the existing roof after 15 years.

The analysis has been carried out for two electricity prices scenarios, one for a low
initial price of 150 AU$/MWh and one for a high, of 290 AU$/MWh. The results of the

Life Cycle Cost analysis are presented in Figure 12 for Observatory and Richmond
weather conditions, respectively.

Life Cycle Cost of Building 16

Richmond High Encrgy Price

Richmond Low Energy Price

Obervatory Hills High Energy Price

Obervatory Hills Low Energy Price

o 1,000,000 2,000,000 3,000,000 4,000,000 5,000,000

® Coating Cool Roof  m Metal Cool Roef Do Nothing

Figure 12. Life Cycle Costs for Building 16 for Observatory and Richmond stations.

Table 8. Reduction of Life Cycle Costs, compared to the ‘Do Nothing' approach.

Reduction of Life  Observatory Richmond
Cycle Costs
Low Energy High Energy  Low Energy High Energy
Price Price Price Price
Metal Cool Roof 3,80 % 3,58 % 3,99 % 4,05 %
Coating Cool Roof 23,49 % 23,15% 23,62 % 23,68 %
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CONCLUSIONS

+ It is estimated that both building-
scale and combined building-scale and
urban scale application of cool roof can
significantly reduce the cooling load
of an existing high-rise shopping mall
centre during the summer season.

* In the eleven weather stations in
Sydney, the building-scale application of
cool roofs can decrease the two summer
months total cooling load of the low-rise
office building from 75.9-82.6 kWh/m?
to 73.1-79.3 kWh/m?. As computed, the
two summer months total cooling load
saving by building-scale application of
cool roofs is around 2.3-3.3 kWh/m?2. This
is equivalent to approximately 2.9-4.0 %
total cooling load reduction in reference
with cool roof scenario (scenario 1)
compared to the reference case scenario
(See Table 1 and 2 and Figures 1 and 2).

* In the eleven weather stations in
Sydney, the combined building-scale
and urban-scale application of cool roofs
is estimated to reduce the two summer
months total cooling by 12.2-19.0 kWh/
m2. This is equivalent to 16.1-24.0 % total
cooling load reduction in cool roof and
modified urban temperature scenario
(scenario 2) compared to the reference
scenario (See Table 1 and 2 and Figures
2 and 3).

« The annual cooling and heating
simulation using annual measured
weather data illustrate that the annual
heating penalty (0.0-0.2 kWh/m?) is
significantly lower than the annual
cooling load reduction (5.6-9.6 kWh/
m?2). As calculated, the annual cooling
load saving by building-scale application
of cool roofs is around 2.5-4.3 %. The
annual total cooling and heating load
saving by building-scale application of
cool roofs ranges between 5.6 and 9.4
kWh/m2 (~2.5-4.2 %) (See Table 3 and 4).

+ During a typical summer week and
under free floating condition, the
indoor air temperature of the reference
scenario ranges between 28.1-48.2 °C
and 28.3-52.5 °C in Observatory and
Richmond stations, respectively. When
cool roofs are applied at a building
scale (scenario 1), the maximum indoor
temperature reduction is estimated
to be 1.0 and 1.1 °C in Observatory
and Richmond stations, respectively.
The indoor air temperature reduction
is foreseen to increase further to 2.1
and 2.2 °C by combined building-scale
and urban-scale application of cool
roofs (scenario 2) in Observatory and
Richmond stations, respectively (See
Figures 4-7).

+ During a typical summer week, the
ambient air temperature is predicted to
decrease from a range between 19.2 and
39.8 °C in reference scenario to a range
between 18.1 and 38.9 °Ciin cool roof and
modified urban temperature scenario
(scenario 2) in Observatory station. The
ambient temperature reduction in cool
roof and modified urban temperature
scenario (scenario 2) compared to the
reference scenario is approximately
0.6-1.6 °C. Similarly, the ambient
temperature is predicted to decrease
from 17.2-44.7 °C in reference scenario
to 15.9-43.6 °C in cool roof and modified
urban temperature scenario (scenario
2) in Richmond station. The estimated
ambient temperature reduction is 0.7-
1.7 °C in Richmond station (See Figures
4 and 6).

* During a typical winter week and under
free floating condition, the indoor air
temperature is expected to decrease
slightly from a range between 15.5 and
31.5 °C in reference scenario to a range
between 15.4 and 31.4 °C in reference
with cool roof scenario (scenario 1) in
Observatory Hill station (See Figure 8).




Similarly, the indoor air temperature
is predicted to reduce from a range
between 10.5 and 30.8 oC in reference
scenario to a range between 10.5 and
30.7 oC in reference with cool roof
scenario (scenario 1) in Richmond
station (See Figures 8 and 9).

+ During a typical winter month and
under free floating condition, the average
maximum indoor air temperature
reduction by building-scale application
of cool roofs is predicted to be just 0.3 °C
and 0.3 °Cin Observatory and Richmond
stations, respectively. Positively,
temperature decrease happens mainly
during the non-heating period when
indoor temperature is higher than the
threshold (See Figures 10 and 11).

* During a typical winter month and under
free floating condition, the total number
of hours with an indoor air temperature
below 19 °C is predicted to increase
slightly from 97 hours in reference
scenario to 99 hours in reference
with cool roof scenario (scenario 1) in
Observatory station. The estimations
for Richmond stations also show a
slight increase in total number of hours
below 19 °C from 233 hours in reference
scenario to 237 hours in reference
with cool roof scenario (scenario 1).
The results show less increase in total
number hours below 19 °C between the
two scenarios (i.e. reference scenario
and reference with cool roof scenario
(scenario 1)) during operational hours
of the building. The number of hours
below 19 °C during operational hours of
the building (i.e. 7 am-6 pm) is expected
to increase from 16 hours in reference
scenario to 16 hours in reference
with cool roof scenario (scenario 1)
in Observatory station. Similarly, the
calculation in Richmond station shows a
slightincrease of number of hours below
19 °C from 53 hours to 54 hours during
the operational hours (See Table 5).

* During a typical summer month and
under free-floating condition, use of
cool roofs is predicted to significantly
decrease the number of hours above
26 °C. As computed, the number of
hours above 26 °C is 670 hours under
the reference scenario in Observatory
station, which slightly decreases to 670
and 666 hours under the reference with
cool roof scenario (scenario 1) and cool
roof and modified urban temperature
scenario (scenario 2), respectively.
The simulations in Richmond station
also illustrate a significant reduction
in number of hours above 26 °C from
660 hours in reference scenario to 655
in reference with cool roof scenario
(scenario 1) and 634 hours in cool
roof and modified urban temperature
scenario (scenario 2), respectively (See
Table 6).

+ As it can be deduced from the feasibility
analysis, even in this rather unfavourable
building, with a typology that limits the
energy saving potential of the roof, the
‘Do Nothing' approach has a cost that
is always higher than both Cool Roofs
techniques. In the case of the Metal Cool
Roof it is between 3,58 and 4,05 %. The
Coating Cool Roof is for all weather and
energy prices scenarios the most feasible
option, resulting in important reductions
of life cycle costs of between 23,15 and
23,68% as it can be seen in Table 8. In
the case of this specific building, due to
its typology and operational profile the
impact of weather differences between
Observatory and Richmond is limited.
Building 16 is in that sense a good
example of what happens when cool roof
is to be applied in an already insulated,
energy efficient high-rise building. Its
contribution is not dramatic, but it is still
positive and feasible, particularly when
using the less cost-intensive cool coating
option and obviously more so for high
energy prices.
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Floor area :242m?
Number of stories 01

Image source: https://www.newhomesguide.

com.au/builders/long-island-homes/homes/new-

homes/moonbi-240

Note: building characteristics change with climate
zones

Reference scenario

Reference building as described in
Appendix with a conventional roof.
Use of two sets of climatic data
including one climatic data simulated
by Weather Research Forecast (WRF)
for the current condition for two
summer months and one measured
annual weather data.

BUILDING 17

NEW STANDALONE HOUSE

Scenario 1:
Reference with cool roof scenario

Same building as in the reference
scenario with a cool roof. Use of two
sets of climatic data including one
climatic data simulated by WRF for
the current condition for two summer
months and one measured annual
weather data.

e,

| _:J|_|J|

Scenario 2:
Cool roof with modified urban
temperature scenario

Same building as in the reference
scenario with a cool roof. Use of
climatic data simulated by WRF
considering an extensive use of cool
roofs in the city.

Project name : Cool Roofs Cost Benefit Analysis Study
Project number : PRI-00004295

Date : 15 September 2021

Report contact : Prof Mattheos Santamouris
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9 Reference scenario, scenario 1, and scenario 2;
estimated for eleven weather stations in Sydney
using weather data simulated by WRF.

1

SENSIBLE AND TOTAL COOLING LOAD
FOR TWO SUMMER MONTHS UNDER

THREE SCENARIOS®

Table 1.

Sensible and total cooling load for a new stand-alone house for two summer months (i.e. January and
February) under three scenarios including reference scenario, reference with cool roof scenario (scenario
1), and cool roof with modified urban temperature scenario (scenario 2) with weather data simulated by
WREF for COP=1 for heating and cooling.

The building-scale
application of cool roofs
can decrease the two
summer months total
cooling load of a new
standalone house from
13.0-16.5 kWh/m? to 89.0-
12.6 kWh/m?.

Stations Reference Scenario 1 Scenario 2
scenario Reference with Cool roof with
cool roof modified urban
scenario temperature
scenario
Sensible  Total Sensible  Total Sensible  Total
cooling cooling cooling cooling cooling cooling
(kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)
Sydney Airport 7.7 13.7 4.9 9.8 34 5.2
Terry Hill 8.5 13.0 5.4 9.0 4.7 6.5
Bankstown 9.4 14.7 6.5 11.0 5.1 6.7
Canterbury 8.0 13.6 5.3 9.9 4.0 5.9
Observatory 7.5 13.2 4.7 9.3 3.7 6.0
Richmond 12.2 16.5 8.9 12.6 8.0 9.5
Penrith 10.5 14.5 7.7 11.1 6.7 8.1
Horsley Park 10.0 14.1 7.2 10.7 6.3 8.0
Camden 10.7 14.2 7.9 10.9 6.8 7.8
Olympic Park 8.9 14.4 6.3 10.9 5.2 7.4
Campbelltown 9.7 13.8 7.0 10.4 5.9 7.3

Table 2. Sensible and total cooling load saving for a new stand-alone house for reference scenario versus reference
with cool roof scenario (scenario 1), and reference scenario versus cool roof with modified urban
temperature scenario (scenario 2) for two summer months (i.e. January and February) with weather data
simulated by WRF for COP=1 for heating and cooling.

For Scenario 1, the total
cooling load saving is
around 3.3-3.9 kWh/m?
which is equivalent to 23.2-
30.8 % of total cooling load
reduction.

For Scenario 2, the total
cooling load saving is
around 6.1-8.5 kWh/m?
which is equivalent to 42.4-
62.0 % total cooling load
reduction.

Stations Reference scenario versus Reference scenario versus
Reference with cool roof Cool roof with modified urban
scenario (Scenario 1) temperature scenario

(Scenario 2)
Sensible cooling  Total cooling Sensible cooling  Total cooling
kWh/m? % kWh/m? % kWh/m? % kWh/m? %

Sydney Airport 2.8 36.4 3.9 28.5 4.3 55.8 8.5 62.0

Terry Hill 3.1 36.5 4.0 30.8 3.8 44.7 6.5 50.0

Bankstown 2.9 30.9 3.7 25.2 43 45.7 8.0 54.4

Canterbury 2.7 33.8 3.7 27.2 4.0 50.0 7.7 56.6

Observatory 2.8 37.3 3.9 29.5 3.8 50.7 7.2 54.5

Richmond 33 27.0 3.9 23.6 4.2 34.4 7.0 42.4

Penrith 2.8 26.7 3.4 23.4 3.8 36.2 6.4 441

Horsley Park 2.8 28.0 3.4 241 3.7 37.0 6.1 433

Camden 2.8 26.2 3.3 23.2 3.9 36.4 6.4 45.1

Olympic Park 2.6 29.2 3.5 24.3 3.7 41.6 7.0 48.6

Campbelltown 2.7 27.8 3.4 24.6 3.8 39.2 6.5 471




In the eleven weather
stations in Sydney, both
building-scale and the
combined building-
scale and urban scale
application of cool roofs
can reduce the cooling

load of the new standalone

house during the summer
season.

Figure 1. Spatial distribution of total cooling load for reference scenario for two summer months (i.e. January and
February) for a new stand-alone house with weather data simulated by WRF for COP=1 for heating and
cooling.
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Figure 2. Spatial distribution of total cooling load for reference with cool roof scenario (scenario 1) for two summer
months (i.e. January and February) for a new stand-alone house with weather data simulated by WRF for
COP=1 for heating and cooling.
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Figure 3. Spatial distribution of total cooling load for cool roof with modified urban temperature scenario (scenario
2) for two summer months (i.e. January and February) for a new stand-alone house with weather data
simulated by WRF for COP=1 for heating and cooling.



b Reference scenario aljd sgemamo 1; eSt‘\mated AN N UAL CO O |_| N G AN D H EAT| N G LOA D
et 0 UNDER TWO SCENARIOS?

Table 3. Annual cooling and heating loads for a new stand-alone house for two scenarios including reference
scenario and reference with cool roof scenario (scenario 1) using annual measured weather data for
COP=1 for heating and cooling.

h / Ji Stations Reference Scenario 1

The annual coo Ing scenario Reference with

and heating simulation cool roof scenario

using annual measured Annual Annual Annual Annual

weather data illustrates cooling load heating load cooling load heating load

that the annual heating (kWh/m?) (kWh/m?) (kWh/m?) (kWh/m?)

penalty (0_ 7-1.6 kWh/mZ) Sensible Total Sensible Total Sensible Total Sensible Total

is Significantl)/ lower than Sydney Airport  13.6 20.5 7.6 9.5 9.3 14.8 8.2 10.2

the annual cooling load Terry Hill 107 168 121 149 6.1 103 134 164

reduction (5.7-7.8 kWh/m?). Bankstown 159 230 131 161 106 162 142 173
Canterbury 13.1 19.4 12.7 15.6 8.4 133 13.9 16.9
Observatory 13.7 19.7 8.4 10.4 8.6 13.1 ©).3) 11.4
Richmond 17.5 253 15.3 18.8 12.3 18.8 16.4 20.0
Penrith 19.6 28.2 12.6 15.6 13.3 20.4 13.7 16.9
Horsley Park 15.6 21.2 13.8 16.9 10.3 14.7 15.0 18.3
Camden 14.6 19.3 17.8 21.8 9.9 13.5 19.2 234
Olympic Park 15.7 24.6 11.6 14.4 10.3 17.4 12.6 15.5
Campbelltown 13.9 17.9 17.3 21.3 9.0 12.1 18.7 22.9

Table 4. Annual cooling load saving, heating load penalty, and total cooling and heating saving for reference
scenario versus reference with cool roof scenario (scenario 1) for a new stand-alone house using annual
measured weather data for COP=1 for heating and cooling.

Stations Annual Annual Annual total

The.annual CQO/ing load cooling load heating load cooling & heating load

saving by building-scale saving penalty saving

application of cool roofs is

GI’OUI’)d 25' 7-38. 7 0/0. Sensible Total Sens. Total Sensible Total
KWh/m? % KWh/m? % kWh/m? kWh/m? % kWh/m? %

; Sydney Airport 43 316 57 278 06 07 37 175 50 167
The annual total cooling ydney Airpor

and heating load saving by Terry Hill 46 430 65 387 13 15 33 145 50 158
building-scale application Bankstown 53 333 68 296 11 12 42 145 56 143
of cool roofs ranges Canterbury 47 359 61 314 12 13 35 136 48 137
between 4.2 and 6.5 kWh/

Observator 5.1 37.2 6.6 33.5 0.9 1.0 4.2 19.0 5.6 18.6
m? (~10.2-18.6 %). Y

Richmond 5.2 29.7 6.5 257 1.1 1.2 4.1 125 53 12.0

Penrith 6.3 321 7.8 277 1.1 1.3 52 16.1 6.5 14.8

Horsley Park 53 340 65 307 1.2 1.4 4.1 13.9 5.1 13.4

Camden 4.7 322 5.8 30.1 1.4 1.6 33 102 4.2 10.2

Olympic Park 5.4 344 7.2 293 1.0 1.1 4.4 16.1 6.1 15.6

Campbelltown 4.9 353 58 324 1.4 1.6 3.5 112 4.2 10.7




¢ Reference scenario, scenario 1, and scenario

2; estimated for weather stations presenting

the lowest and highest ambient temperatures in
Sydney (i.e. Observatory Hill and Richmond) using
weather data simulated by WRF.

3

INDOOR AIR TEMPERATURE AND
AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL WARM PERIOD UNDER THREE
SCENARIOS®

During a typical summer
week, the ambient air
temperature is predicted
to decrease from a range
19.2-39.8 °C in reference
scenario to a range 18.1-
38.9 °in scenario 2 in
Observatory station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.6-1.6 °C compared to
the reference scenario in
Observatory station.
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Figure 4. Indoor air temperature and ambient temperature for three scenarios including reference scenario,

For scenario 2, the ambient
temperature is predicted to
decrease from 17.2-44.7°C
in reference scenario to
15.9-43.6°C in Richmond
station.

For Scenario 2, the
estimated ambient
temperature reduction is
0.7-1.7 °C compared to
the reference scenario in
Richmond station.

reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a new stand-alone house under free floating conditions during a typical summer week in
Observatory station using weather data simulated by WRF.
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Figure 5. Indoor air temperature and ambient temperature for three scenarios including reference scenario,

reference with cool roof scenario (scenario 1), and cool roof with modified urban temperature scenario
(scenario 2) for a new stand-alone house under free floating conditions during a typical summer week in
Richmond station using weather data simulated by WRF.



During a typical summer
week, the indoor air
temperature of the
reference scenario ranges
between 24.1-38.0 °C

and 24.0- 41.1°Cin
Observatory and Richmond
stations, respectively.
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Figure 6. Indoor temperature difference between reference scenario versus reference with cool roof scenario

For Scenario 1 (building-
scale), the maximum
indoor temperature
reduction is estimated
tobe 2.8°Cand 2.9°Cin
Observatory and Richmond
stations, respectively.

For Scenario 2 (combined
building- and urban-scale),
the maximum indoor
temperature reduction
increases up to 3.7 °C

and 3.7 °C in Observatory
and Richmond stations,
respectively.

(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2)for a new stand-alone house under free-floating conditions during a typical summer week in Observatory
station using weather data simulated by WRF.
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Figure 7. Indoor temperature difference between reference scenario versus reference with cool roof scenario

(scenario 1) and reference scenario versus cool roof with modified urban temperature scenario (scenario
2) for a new stand-alone house under free-floating conditions during a typical summer week in Richmond
station using weather data simulated by WRF.



d Reference scenario and scenario; estimated
for weather stations presenting the lowest and
highest ambient temperatures in Sydney (i.e.
Observatory Hill and Richmond) using annual
measured weather data.

4

INDOOR AIR TEMPERATURE AND

AMBIENT TEMPERATURE FOR FREE-
FLOATING CONDITION DURING A
TYPICAL COLD PERIOD UNDER TWO

SCENARIOS?

During a typical winter
week, the indoor air
temperature is expected
to decrease from a range
12.7-23.9 °C in reference
scenario to a range 12.5-
22.9°Cin scenario 1 in
Observatory Hill station.
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Figure 8. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new existing stand-alone house under free-floating
condition during a winter week in Observatory station using annual measured weather data.

The indoor air temperature
is predicted to reduce
from a range 8.8-23.5

°C in reference scenario

to a range 8.7-22.8°C in
scenario 1 in Richmond
station.
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Figure 9. Indoor air temperature and ambient temperature for two scenarios including reference scenario and
reference with cool roof scenario (scenario 1) for a new existing stand-alone house under free-floating
condition during a winter week in Richmond station using annual measured weather data.



For Scenario 1, the average
maximum indoor air
temperature reduction by
building-scale application
of cool roofs is predicted

to bejust 1.1 and 1.0°Cin
Observatory and Richmond
stations, respectively.
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Figure 10. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a new stand-alone house under free-floating conditions during a typical winter month in
Observatory station using annual measured weather data.
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Figure 11. Indoor air temperature difference between reference scenario versus reference with cool roof scenario
(scenario 1) for a new stand-alone house under free-floating conditions during a typical winter month in
Richmond station using annual measured weather data.
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Table 5. Number of hours with indoor air temperature below 19 °C in free-floating mode during a typical winter
month using annual measured weather data.

Stations Reference Scenario 1

During a typiCCl/ winter scenario Reference with )
month, the total number cool roof scenario
of hours with an indoor
air temperature (<19 °C) is Observatory 429 478
predicted to considerably _

Richmond 523 562

increase from 429 hours in
reference scenario to 478
hours; and from 523 to
562 hours in scenario 1 in
Observatory and Richmond
stations, respectively.

Table 6. Number of hours with indoor air temperature above 26 °C in free-floating mode during a typical summer
month using weather data simulated by WRF.

Duri tvoical Stations Reference Scenario 1 Scenario 2
uring a typical summer scenario Reference with Cool roof with
month, the total number cool roof scenario  modified urban
of hours with an indoor temperature

. . scenario
air temperature (>26 °C) is
predicted to significantly Observatory 422 339 253
decrease from 422 hours
in reference scenario Richmond 456 415 356

to 339 and 253 hours
under scenario 1 and 2 in
Observatory station; and
from 456 hours in
reference scenario to

415 and 356 hours
under scenario 1 and

2 in Richmond station,
respectively.
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ECONOMIC FEASIBILITY OF COOL ROOFS:
EVALUATION OF REFURBISHMENT

The ‘Do Nothing’ approach
has a cost that is always
higher than that of the
Coating Cool Roof Cool,
resulting in reductions of
life cycle costs of between
6,82 and 19,98 % (Table 8).

Table 7.

Building 17 is an
interesting example of
what happens when a
cool roof is to be applied
in a small building,

with low in absolute
terms energy costs: Its
contribution is important,
but to be feasible the initial
investment, costs must

be low. Hence, the less
cost-intensive cool coating
option is the preferable
choice.

The building and its energy performance

Building 17 is a new stand-alone house, with a total air-conditioned area of 242
m? distributed on one level. 242 m? roof is insulated, resulting in a good energy
performance of the building. However, since the roof has a big impact on the single
floor building, the energy savings' potential by means of the cool roof is significant.
The main features of the building's energy performance both for Observatory and
Richmond stations are presented in Table 7.

Energy performance features of Building 17.

Energy performance features Observatory Richmond
Energy consumption prior cool roof (MWh) 2,9 4,3
Energy consumption after cool roof (MWh) 2,4 3,8
Energy savings (MWh) 0,5 0,5
Energy savings (%) 17,24 % 11,63 %
Area (m?) 242 242
Roof costs - Metal roof (AU$/m?) 38,0 38,0
Roof costs - Coating (AU$/m?) 22,75 22,75
Life expectancy - Metal roof (years) 28,5 28,5
Life expectancy - Coating (years) 22,5 22,5
HVACs COP 2,5 2,5
Existing roof's renovation costs (AU$/m?) 15,0 15,0

The cool roof refurbishment options

Two possible options are being considered for reducing energy loads by utilizing
cool technologies on the roof:

+ A metal roof with cool characteristics is installed on top of the existing roof
+ A cool coating is applied on the existing roof

Both options have the same energy efficiency, resulting in energy savings of
17,24 % for the Observatory weather conditions and of 11,63 % for the Richmond
conditions. The metal roof option has higher investment costs, but also a greater life
expectancy, namely of 28,5 vs. 22,5 years, as presented in Table 7.



The Metal Cool Roof option
is not feasible, given its
high initial cost and the
low, in absolute terms,
energy costs.

Feasibility analysis results

The feasibility analysis has been carried out by four methods, namely Net Present
Value, Internal Rate of Return, Payback Period and Life Cycle Cost. Since the
implementation of cool roofs techniques is not a revenue generating investment,
the determining factor is the Life Cycle Cost, in the sense that the solution that
ensures its minimization is the most suitable one. As we are examining a retrofitting,
the Life Cycle Cost of the “Do nothing” scenario does not consider the construction
cost, but only a refurbishment of the existing roof after 15 years.

The analysis has been carried out for two electricity prices scenarios, one for a low
initial price of 150 AU$/MWh and one for a high, of 290 AU$/MWh. The results of the
Life Cycle Cost analysis are presented in Figure 12 for Observatory and Richmond
weather conditions, respectively.

Life Cycle Cost of Building 17
Richmand High Energy Price
Richmond Low Energy Price

Obervatory Hills High Energy Price

Obervatory Hills Low Energy Price

0 5000 10,000 15,000 20,000 25000 30,000 35000 40,000

B Coating Coal Root B Metal Coal Roof B Do Nothing

Figure 12. Life Cycle Costs for Building 17 for Observatory and Richmond stations.

Table 8. Reduction of Life Cycle Costs, compared to the ‘Do Nothing' approach.

Reduction of Life  Observatory Richmond

Cycle Costs
Low Energy High Energy  Low Energy High Energy
Price Price Price Price

Metal Cool Roof - -- -- --

Coating Cool Roof 6,82 % 19,28 % 11,03 % 19,98 %
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CONCLUSIONS

+ It is estimated that both building-
scale and combined building-scale and
urban-scale application of cool roof can
significantly reduce the cooling load
of a new standalone house during the
summer season.

* In the eleven weather stations in
Sydney, the building-scale application of
cool roofs can decrease the two summer
months total cooling load of a new high-
rise apartment from 13.0-16.5 kWh/m?
to 9.0-12.6 kWh/m2. As computed, the
two summer months total cooling load
saving by building-scale application
of cool roofs is around 3.3-3.9 kWh/
m2. This is equivalent to approximately
23.2-30.8 % total cooling load reduction
in reference with cool roof scenario
(scenario 1) compared to the reference
case scenario (See Table 1 and 2 and
Figures 1 and 2).

* In the eleven weather stations in
Sydney, the combined building-scale
and urban-scale application of cool roofs
is estimated to reduce the two summer
months total cooling by 6.1-8.5 kWh/m?2.
This is equivalent to 42.4-62.0 % total
cooling load reduction in cool roof and
modified urban temperature scenario
(scenario 2) compared to the reference
scenario (See Table 1 and 2 and Figures
2 and 3).

* The annual cooling and heating
simulation using annual measured
weather data illustrate that the annual
heating penalty (0.7-1.6 kWh/m?) is lower
than the annual cooling load reduction
(5.7-7.8 kWh/m?). As calculated, the
annual cooling load saving by building-
scale application of cool roofs is around
25.7-38.7%. The annual total cooling and
heating load saving by building-scale
application of cool roofs ranges between
4.2 and 6.5 kWh/m? (~10.2-18.6%) (See
Table 3 and 4).

+ During a typical summer week and
under free floating condition, the indoor
airtemperature of the reference scenario
ranges between 24.1-38.0 °C and 24.0-
41.1 °C in Observatory and Richmond
stations, respectively. When cool roofs
are applied at a building scale (scenario
1), the maximum indoor temperature
reduction is estimated to be 2.8 and 2.9
°Cin Observatory and Richmond stations,
respectively. The indoor air temperature
reduction is foreseen to increase further
to 3.7 and 3.7 °C by combined building-
scale and urban-scale application of cool
roofs (scenario 2) in Observatory and
Richmond stations, respectively (See
Figures 4-7).

* During a typical summer week, the
ambient air temperature is predicted
to decrease from a range between 19.2
and 39.8 °C in reference scenario to a
range between 18.1 and 38.9 °C in cool
roof and modified urban temperature
scenario (scenario 2) in Observatory
station. The ambient temperature
reduction in cool roof and modified
urban temperature scenario (scenario
2) compared to the reference scenario
is approximately 0.6-1.6 °C. Similarly,
the ambient temperature is predicted to
decrease from 17.2-44.7 °C in reference
scenario to 15.9-43.6 °C in cool roof and
modified urban temperature scenario
(scenario 2) in Richmond station.
The estimated ambient temperature
reduction is 0.7-1.7 °C in Richmond
station (See Figures 4 and 6).

* During a typical winter week and under
free floating condition, the indoor air
temperature is expected to decrease
from a range between 12. 7 and 23.9 °C
in reference scenario to a range between
12.5 and 22.9 °C in reference with cool
roof scenario (scenario 1) in Observatory
Hill station (See Figure 8).




Similarly, the indoor air temperature is
predicted to slightly reduce from a range
between 8.8 and 23.5 °C in reference
scenario to arange between 8.7 and 22.8
oC in reference with cool roof scenario
(scenario 1) in Richmond station (See
Figures 8 and 9).

+ During a typical winter month and
under free floating condition, the average
maximum indoor air temperature
reduction by building-scale application
of cool roofs is predicted to be just
1.1 °C and 1.0 °C for both Observatory
and Richmond stations, respectively.
Positively, ~ temperature decrease
happens mainly during the non-heating
period when indoor temperature is
higher than the threshold (See Figures
10 and 11).

+ During a typical winter month and
under free floating condition, the total
number of hours with an indoor air
temperature below 19 °C is predicted to
considerably increase from 429 hours
in reference scenario to 478 hours
in reference with cool roof scenario
(scenario 1) in Observatory station. The
estimations for Richmond stations also
show a slightly increase in total number
of hours below 19 °C from 523 hours
in reference scenario to 562 hours
in reference with cool roof scenario
(scenario 1) (See Table 5).

+ During a typical summer month and
under free-floating condition, use of
cool roofs is predicted to significantly
decrease the number of hours above
26 °C. As computed, the number of
hours above 26 °C is 422 hours under
the reference scenario in Observatory
station, which significantly decreases to
339 and 253 hours under the reference

with cool roof scenario (scenario 1)
and cool roof and modified urban
temperature scenario (scenario 2),

respectively.

The simulations in Richmond station
also illustrate a significant reduction
in number of hours above 26 °C from
456 hours in reference scenario to 415
in reference with cool roof scenario
(scenario 1) and 356 hours in cool
roof and modified urban temperature
scenario (scenario 2), respectively (See
Table 6).

+ As it can be deduced from the feasibility
analysis, the ‘Do Nothing' approach has
a cost that is always higher than that of
the Coating Cool Roof Cool, resulting in
reductions of life cycle costs of between
6,82 and 19,98% as it can be seen in
Table 8. On the contrary, the Metal Cool
Roof option is not feasible, given its high
initial cost and the low, in absolute terms,
energy costs. Building 17 is in that sense
an interesting example of what happens
when a cool roof is to be applied in a
small building, with low in absolute
terms energy costs: Its contribution is
important, but to be feasible the initial
investment, costs must be low. Hence,

the less cost-intensive cool coating
option is the preferable choice.
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