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1. BACKGROUND

SINGAPORE IS AN ASIAN CITY-STATE LOCATED SOUTH OF MALAYSIA. BEING
NEAR THE EQUATOR, SINGAPORE IS SUBJECT TO FREQUENT PRECIPITATION,
HIGH HEAT, AND HIGH HUMIDITY.

THIS CITY-STATE EXPERIENCES TWO MONSOONAL PERIODS SEPARATED BY
INTER-MONSOONAL PERIODS. WITH ALL THIS RAIN, SINGAPOREANS ARE
AT HIGH RISK OF FLOODS. AND DUE TO POOR DRAINAGE, AN INCREASE OF
PRECIPITATION IN THE FUTURE COULD BE DETRIMENTAL TO SINGAPOREAN’S
HEALTH AND FINANCIAL STATE.

SINGAPORE IS ALSO VERY HOT ALL YEAR. CURRENT AVERAGE ANNUAL
TEMPERATURES REACH ABOUT 28.4°C, A ROUGHLY 1°C INCREASE OVER THE
PAST TEN YEARS.1 CLIMATE CHANGE IS INCREASING THESE NUMBERS EVEN
FURTHER: AN EXPECTED INCREASE OF 1.4°C - 4.6°C BY THE END OF THE
CENTURY.? AN INCREASE THIS DRAMATIC COULD LEAD TO OVERALL HIGHER
ENERGY CONSUMPTION, AS SINGAPOREANS WILL BE USING MORE ENERGY TO
COOL THEIR BUILDINGS.

THIS CITY-STATE IS CURRENTLY EMITTING ABOUT NINE TONS OF (02
PER CAPITA, A SMALL AMOUNT COMPARED TO THE US WHOSE EMISSIONS
PER CAPITA ARE ABOUT DOUBLE THAT OF SINGAPORE’S.2 THEIR GOAL IS
“ TO INTRODUCE A CARBON TAX ON THE EMISSION OF GREENHOUSE
GASES FROM 2019, IN A MOVE TO MAINTAIN A HIGH-QUALITY LIVING
ENVIRONMENT AND DO ITS PART IN FIGHTING CLIMATE CHANGE.”

1.1. PROBLEMS

THIS STUDY AIMS TO ADDRESS CERTAIN QUESTIONS REGARDING SINGAPORE’S
CLIMATE RISKS AND HOW THE CITY-STATE WILL ADAPT TO EXACERBATED
CLIMATE CONDITIONS IN THE FUTURE. FIRST, IT IS ASKED IF THERE IS
A RISING TREND AMONG THE TEMPERATURE DATA. IF SO, WILL A GREEN
ROOF BE A VIABLE OPTION FOR COOLING ITS BUILDING? SECONDLY, IT
IS ASKED IF THE REDUCTION IN SINGAPORE’'S CARBON TAX WILL BE WORTH
BUILDING A GREEN ROOF. AND FINALLY, THIS STUDY SEEKS TO ANSWER
WHETHER OR NOT THERE IS A TREND IN PRECIPITATION. IF SO, WOULD A
GREEN ROOF BE A VIABLE OPTION FOR REDUCING THE COST OF POTENTIAL
FLOOD DAMAGE?



1.2. SOLUTION

THE STUDY ASKS WHICH POTENTIAL ADAPTATION AND
MITIGATION SOLUTIONS GREEN ROOFS CAN PROVIDE TO
SINGAPORE, CONSIDERING ITS ABOVE-STATED CLIMATE
RISKS. TO BEGIN, A GREEN ROOF CAN AID A CITY 1IN
ADAPTING TO THE THREAT OF RISING TEMPERATURES. A GREEN
ROOF INSULATES A BUILDING, WHICH REDUCES MECHANICAL
COOLING LOADS AND ALSO REDUCES THE OVERALL URBAN
HEAT ISLAND EFFECT."

IT CAN ALSO AID A CITY IN ADAPTING TO FLOODS. A
GREEN ROOF CAPTURES STORM WATER WITH ITS PLANTS AND
GROWING MEDIUM. BUT DUE TO THE VARIABILITY IN GREEN
ROOF NUMBERS, SIZES, AND TYPES IT IS DIFFICULT TO
QUANTIFY THE AMOUNT OF RAINFALL THAT THE ROOF CAN
CAPTURE. IN ADDITION, A GREEN ROOF CAN MITIGATE (O,.
THIS CAN BE DONE INDIRECTLY THROUGH REDUCING ENERGY
USE FROM REDUCED COOLING LOADS, OR DIRECTLY THROUGH
PLANT ABSORPTION."

FOR THIS STUDY, IT IS ASSUMED THAT ONE TYPE OF GREEN
ROOF WILL BE USED FOR ALL ROOFS EVEN THOUGH THERE ARE
MANY METHODS USED TODAY. CALCULATION WILL BE MADE
BASED OFF OF AN EXTENSIVE GREEN ROOF WITH A SOIL
MEDIUM OF ABOUT SIX INCHES. THIS TYPE IS COMPRISED
OF SEDUMS AND SMALL GRASSES, WHICH IS LOW MAINTENANCE
AND REQUIRES LITTLE TO NO IRRIGATION. THIS STUDY IS
ALSO ONLY LOOKING AT COMMERCIAL BUILDINGS TO REDUCE
VARIABILITY.

1.3. MOTIVATION

THIS STUDY AIMS TO CONCLUDE WHETHER OR NOT GREEN
ROOFS ARE A VIABLE OPTION FOR SINGAPORE OVER A TEN-
YEAR TIMESCALE GIVEN THE RISE IN TEMPERATURES AND
RAINFALL.

2. DECISION PROBLEMS

THIS PAPER TAKES A LOOK AT THE THREE BENEFITS OF
GREEN ROOFS ON WHICH WILL BE THE FOCUS: ENERGY-USE
REDUCTION, CARBON MITIGATION, AND FLOOD MITIGATION.



2.1.DECISION PROBLEM 1:

THE ENERGY-USE DECISION PROBLEM CONSISTS
INSTALL A

GREEN ROOF. THE CALCULATIONS FOR THE COST OF EACH

OUTCOMES: INSTALL A GREEN ROOF OR NOT

PLAN OVER TEN YEARS ARE AS FOLLOWS:

OF TWO

ENERGY-USE

INCENTIVE (COVERING 50% OF COST)":

CosT PLAN (NOoT INSTALL)

INSTALLATION CcOST (125 sp/m2)® : 234,375 SD

117,187.50 sD

ENERGY cosT : 1,271,192.91 sD x 10 YEARS
ENERGY SAVING (127%) : 152,543,15 sD x 10 YEARS

CosT PLAN (INsTALL): (INSTALLATION COST -
CosT PLAN (INsTALL) = 11,304,000 so

CosT PLAN (NOT INSTALL): ENERGY COST

12,712,000

INCENTIVE) + (ENERGY COST - ENERGY SAVINGS)

SD

2.1.1 RESULTS

SINCE THE BEST OPTION WOULD BE THE ONE THAT IS OF LOWEST COST
TO THE BUILDING OWNER, THE CHOICE WOULD BE TO INSTALL THE GREEN
ROOF. CALCULATING FOR ExPECTED UTILITY (EU) PRODUCES THE SAME
RESULT. FOR THIS DECISION PROBLEM THE FOLLOWING ASSUMPTIONS
WERE MADE: THE ENERGY CONSUMPTION FOR ALL BUILDINGS IS AN
AVERAGE AT 358 KWH/M?/YR AND THE TYPICAL BUILDING AREA IS AN
AVERAGE AT 15,000 M? AND SEVEN STORIES’.



2.2.DECISION PROBLEM 2: CARBON

THE CARBON DECISION PROBLEM ALSO CONSISTS OF TWO OUTCOMES: INSTALL A GREEN ROOF
OR NOT INSTALL A GREEN ROOF. THIS PROBLEM INVOLVES TEMPERATURE PROBABILITIES
CALCULATED FROM IRI DATA AND WE ARE ASSUMING A 0.47 INCREASE IN ENERGY
COSTS FOR EVERY 1°C TEMPERATURE INCREASE ABOVE THE 28.1°C THRESHOLD. THE
CALCULATIONS FOR THE EXPECTED MONETARY VALUE (EMV) OF EACH PLAN OVER TEN
YEARS ARE AS FOLLOWS:

CARBON TAx?: 15 sp/ton CO,* x 10 YEARS
*THE AVERAGE BUILDING EMITS 6721 TONS oF CO, WITHOUT A GREEN ROOF, AND 5915 ToNs oF CO, WITH A GREEN ROOF’
PROBABILITY (ABOVE 28.1°C): 0.0088

PROBABILITY (BELOW 28.1°C): 0.9912

CosT PLAN (INSTALL): (INSTALL CosT - INCENTIVE) + (ENERGY COST - ENERGY SAVINGS) + (CARBON TAX)
CosT PLAN (INsTALL | A): CcOST WITH 0.4% INCREASE = 12,674,000 sp
CosT PLAN (InsTALL | B) = 12,191,000 s
EMV (INSTALL):

CosT PLAN (NoT INsSTALL): ENERGY CosT + CARBON TAX

2.2.1 RESULTS COST PLAN (NoT INSTALL| A): COST WITH 0.4%
AGAIN, THE BEST CHOICE WOULD BE THE
TO THE OWNER, WHICH IS INCREASE = 14,386,000 sp
EVIDENTLY TO INSTALL A GREEN ROOF.
CALCULATING FOR UTILITY PRODUCES THE CosT PLAN (Not INsTALL| B) = 13,720,000 sp
SAME RESULT. FOR THIS DECISION, THE
EMV (Not InstaLL): 13,726,000 sb

FOLLOWING ASSUMPTIONS WERE MADE: THE
CO, EMISSIONS FOR ALL BUILDINGS WERE
AVERAGED AND THAT ALL CARBON EMISSIONS
ARE FROM COOLING LOADS ALONE.



2.5, DECISION PROBLEM 3: FLOODS

THE FLOOD DECISION PROBLEM ALSO CONSISTS OF TWO OUTCOMES:
ROOF OR NOT INSTALL A GREEN ROOF. THIS PROBLEM

INSTALL A GREEN
INVOLVES FLOOD PROBABILITIES

FROM IRI DATA AS WE ARE TRYING TO DETERMINE THE EFFECTS OF FUTURE RAINFALL

INCREASE. THESE VALUES ARE CALCULATED BASED OFF OF A U.S. CASE STUDY.
CALCULATIONS FOR THE EMV OF EACH PLAN ARE AS FOLLOWS:

PROBABILITY (FLooD): 0.0018

PROBABILITY (No FrLoop): 0.9982

INCENTIVE: 79,135,149.38 SD

FLoob DamaGce CosT: 23,000,000 sbD

CosT PLAN (INSTALL): (INSTALL CoST - INCENTIVE) +

FLooD DAMAGE ENERGY SAVINGS)

CosT PLAN (NoT INSTALL):

FLooD DAMAGE CosST

THE

(FLoobD DAmMAGE CosT -

2.3.1 RESULTS

THERE WAS NO CONCLUSION TO THIS DECISION PROBLEM
AS THERE WAS FOR FLOOD DAMAGE
SAVINGS AFTER INSTALLING A GREEN ROOF. JUST AS
WELL, SINGAPORE DOES NOT YET HAVE ANY INCENTIVE
IN PLACE FOR MITIGATING THE EFFECTS OF FLOODS.
INSTEAD, THIS DECISION PROBLEM USED VALUES FROM
A U.S. CASE STUDY, WHICH WAS NOT APPLICABLE TO
SINGAPORE AS THE U.S. INCENTIVE (CONVERTED FROM
USD 70 SD) IS MUCH LARGER THAN THE ACTUAL FLOOD-
DAMAGE COSTS IN ASIA.



3. RESULTS AND DISCUSSION

THIS STUDY DID FIND AN UPWARD TREND IN TEMPERATURE AND PRECIPITATION. THIS
CONFIRMS THAT SINGAPORE WILL BE MORE DEPENDENT UPON CLIMATE RISK MITIGATION
STRATEGIES. AN ANALYSIS OF THREE EMV DECISION PROBLEMS RESULTED IN TWO OF
THE THREE POINTING TO INSTALL A GREEN ROOF WITH ONE BEING INCONCLUSIVE; THE
UTILITY CALCULATIONS ALSO CONFIRMED THIS. IT IS CONCLUDED THAT GREEN ROOFS
DO INSULATE ENOUGH TO REDUCE MECHANICAL COOLING LOADS ENOUGH TO BE WORTH THE
INSTALLATION COSTS OVER TEN YEARS. JUST AS WELL, GREEN ROOFS DO ABSORB ENOUGH
CO, TO REDUCE THE CARBON TAX ENOUGH TO BE WORTH THE INSTALLATION COST AFTER
TEN YEARS. THIS IS NOT TO MENTION THE UTILITY BENEFIT OF BEING A CONTRIBUTOR
TO REACHING THE CITY-STATE’S SUSTAINABILITY GOALS. OVERALL, IT WOULD BE MOST
BENEFICIAL TO FOR THE BUILDING OWNER TO INSTALL GREEN ROOFS TO AID IN BOTH
ADAPTATION AND MITIGATION OF CLIMATE CHANGE EFFECTS ON SINGAPORE.

3.1 STUDY LIMITATIONS

SINGAPORE HAS A WIDE RANGE OF BUILDING TYPES AND BECAUSE OF THIS, AN AVERAGE
HEIGHT AND AREA OF ALL RETAIL BUILDINGS WAS USED FOR CALCULATIONS. THIS
RESULTED IN AN AVERAGED EMISSIONS VALUE, AN AVERAGED CARBON TAX VALUE, AND AN
AVERAGED ENERGY-USE VALUE. IN ADDITION, THE LACK OF FLOOD DATA FOR SINGAPORE
RESULTED IN AN INCONCLUSIVE ANSWER TO THE QUESTION OF WHETHER OR NOT A GREEN
ROOF WOULD BE A VIABLE OPTION FOR REDUCING FLOOD DAMAGE COSTS.

3.2 BENEFITS OF DECISION ANALYSIS

By usinNnG EMV AND EU, THIS STUDY CAN BE UNDERSTOOD BY ANYONE OUTSIDE THE
CLIMATE COMMUNITY. THESE VALUES ARE ENCOURAGED TO BE A METHOD OF CONVINCING
THE BUILDING OWNER AS TO WHY A GREEN ROOF WOULD BE A VIABLE OPTION FOR HIS/
HER BUILDING AND CITY. MONETARY VALUES ARE WELL UNDERSTOOD AS OPPOSED TO
PROBABILITIES OF RAINFALL OR TONS OF CO,, FOR EXAMPLE.
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