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ABSTRACT

In many urban areas, pavements and roofs constitute over 60% of urban surfaces (roof 20-25%, pavements about 40%). The roof and the pavement albedo can be increased by about 0.25 and 0.10, respectively, resulting in a net albedo increase for urban areas of about 0.1.

Many studies have demonstrated building cooling-energy savings in excess of 20% upon raising roof reflectivity from an existing 10-20% to about 60%. We estimate U.S. potential savings in excess of $1 billion (B) per year in net annual energy bills. Increasing albedo of urban surfaces can reduce the summertime urban temperature and improve the urban air quality. 

Increasing the urban albedo has the added benefit of reflecting more of the incoming global solar radiation and countering the effect of global warming. We estimate that increasing the albedo of urban roofs and paved surfaces will induce a negative radiative forcing on the earth equivalent to removing 22 Gt CO2 from atmosphere. Since, 52% of emitted CO2 remains in the atmosphere, removal of 22 Gt CO2 from atmosphere is equivalent to reducing global CO2 emission by 42 Gt.
1. Introduction

For more than two decades, the Heat Island Group (HIG) at Lawrence Berkeley National Laboratory (LBNL) has performed research to quantify the effect of increasing urban albedo on reducing cooling energy use, cooling urban areas, and improving urban air quality. In many urban areas, pavements and roofs constitute over 60% of urban surfaces (see Table 1; roof 20-25%, pavements about 40%) (Akbari et al., 2003, Rose et al., 2003, Akbari and Rose 2001a, Akbari and Rose 2001b).
Table 1: Urban fabric

	Metropolitan
Areas
	Vegetation
	Roofs
	Pavements
	Other

	Salt Lake City
	33.3
	21.9
	36.4
	8.5

	Sacramento
	20.3
	19.7
	44.5
	15.4

	Chicago
	26.7
	24.8
	37.1
	11.4

	Houston
	37.1
	21.3
	29.2
	12.4


Source: Rose et al., 2003.
Many studies have demonstrated building cooling-energy savings in excess of 20% upon raising roof reflectivity from an existing 10-20% to about 60%. We estimate U.S. potential savings in excess of $1 billion (B) per year in net annual energy bills (cooling-energy savings minus heating-energy penalties). Increasing albedo of urban surfaces (roofs and pavements) can reduce the summertime urban temperature and improve the urban air quality (Taha 2002; Taha 2001; Taha et al. 2000; Rosenfeld et al. 1998; Akbari et al. 2001, Pomerantz et al. 1999). The energy and air quality savings resulting from increasing urban surface abedo in the U.S. can exceed $2B per year.

Increasing the urban albedo has the added benefit of reflecting more of the incoming global solar radiation and countering the effect of global warming (Kaarsberg and Akbari, 2006). Here we quantify the effect of increasing albedo of urban areas on the global temperature.

2. Estimating global urban areas

Figure 1 lists the area densities for the 100 largest metropolitan areas of the world (Wikipedia, 2006). The median area density is about 430 m2 per urban dweller. The 100 largest metropolitan areas (with a total population of 670 M) comprise about 0.26% of the Earth land area. Assuming that about 3B people live in urban areas, total urban area of the globe is estimated at about 1.2% of land. In our calculations, we assume that urban areas are 1% of the land area.
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Figure 1: Area density for the 100 largest cities in the world. 670 million people live in these cities.

3. potentials for urban albedo change

Rose et al. (2003) have estimated that the fractions of the roof and paved surface areas in four U.S. cities. The fraction of roof areas in these four cities varies from 20% for less dense cities to 25% for more dense cities. The fraction of paved surface areas varies between 29% to 44%. Many metropolitan urban areas around the world are less vegetated than typical U.S. cities. For this analysis, we consider an average area fraction of 25% and 35% for roof and paved surfaces, respectively.

Akbari and Konopacki (2005) have reviewed the solar reflectance of typical roofing materials used on residential and commercial buildings in many U.S. regions. A solar-reflective roof is typically light in color and absorbs less sunlight than a conventional dark-colored roof. Less absorbed sun light means a lower surface temperature, directly reducing heat gain from the roof and air-conditioning demand. Typical albedo values for low- and high-albedo roofs can be obtained from the cool roofing materials database (CRMD, 2007) developed at LBNL.

For the sloped-roof residential sector, available highly reflective materials are scarce. White asphalt shingles are available, but have a relatively low albedo of about 0.25. Although it can be argued that white coatings can be applied to shingles or tiles to obtain an aged albedo of about 0.5, this practice is not followed in the field. Some highly reflective white shingles are being developed, but are only in the prototype stage. Recently, one U.S. manufacturer has developed and marketing cool-colored fiberglass asphalt shingles with a solar reflectance of 0.25. Some reflective tiles and metal roofing products with greater than 50% reflectivity are also available.
Conversely, highly reflective materials for the low-slope commercial sector are on the market. White acrylic, elastomeric and cementatious coatings, as well as white thermoplastic membranes, can now be applied to built-up roofs to achieve an aged solar -reflectance of 0.6.

The albedo of typical standard roofing materials ranges from 0.10-0.25; one can conservatively assume that the average albedo of existing roofs does not exceed 0.20. The albedo of these surfaces can be increased to about 0.55 to 0.60.

Pomerantz et al. (2000a, 2000b, 1997) and Pomerantz and Akbari (1998) have documented the solar reflectance of many standard and reflective paved surfaces. They report that the solar reflectance of a freshly installed asphalt pavement is about 0.05. Aged asphalt pavements have a solar reflectance between 0.10-0.18, depending on the type of aggregate used in the asphalt mix. A light-color (low in carbon content) concrete can have an initial solar reflectance of 0.35-0.40 that will age to about 0.25-0.30. Pomerantz et al. also reviewed the solar reflectance of other paving materials such as chip seal, slurry coating, light-color coating.
Akbari et al. (2003) provide estimates for two scenarios for potential changes in the albedo of roofs and paved surfaces (See Table 2). Based on this data, we assume that roof albedo can increase by 0.25 for a net change of 0.25x0.25=0.06. The pavement albedo can increase by 0.15 for a net change of 0.35x0.15=0.04. Hence, the net potential change in albedo of urban area is estimated at 0.10. Increasing albedo of urban areas by 0.1 results in an increase of 3x10-4 in Earth albedo.
Table 2: Two albedo modification scenarios
	
	Albedo Change

	Surface-Type
	High
	Low
	This Study

	Residential Roofs
	0.3
	0.1
	0.25

	Commercial Roofs
	0.4
	0.2
	0.25

	Pavements
	0.25
	0.15
	0.15


Source: Akbari et al., 2003.
4. The Effect of changing urban Albedos on Global Temperature
We estimate the CO2 equivalency of cool urban surfaces using literature data (see Table 3). 
Table 3: Radiative forcing and CO2 equivalence
	Row
	Item
	Value

	1.
	2XCO2 radiation forcing (RF) on the surface of Earth a
	4.19 W/m2

	2.
	Increase in atmospheric concentration by doubling CO2 
	275 ppm

	3.
	Increases in atmospheric concentration by adding 1Gt of CO2b
	0.128 ppm

	4.
	Increase in atmospheric CO2 by doubling concentration [Row 2/Row 3]
	2.15 x 1012 tonne

	5. 
	Surface area of the Earth
	5.08x1014 m2

	6.
	Total radiation forcing on the Earth [Row1 x Row 5]
	2.13 x 1015 W

	7.
	Earth surface radiation change per tonne of atmospheric CO2 [Row 6/Row 4]
	≈ 1 kW / tonne CO2


a: 
Hansen et al., 1997.
b: 
Broecker (2007) estimates that for each 4 Gt of fossil carbon burned, the atmosphere's CO2 content rises about 1 ppm. Each tonne of carbon produces 3.67 tonne of CO2. Also, about 52% of the CO2 emitted stays in the atmosphere. Hence, we then estimate that each Gt of CO2 emitted increase the atmosphere’s CO2 by 0.128 ppm.
In summary, Hansen et al. (1997) estimate a 2xCO2 adjusted radiation forcing (RF) on the surface of 4.19 W/m2. This checks with Myhre (1998) formula of RF [W/m2] = 5.35 ln(1+ ΔC/C) = 5.35*ln2 = 3.71 W/m2. Using the Hansen et al. (1997) estimate of radiation forcing, the total global radiation forcing is 2.13x1015 W.  Doubling of CO2 relative to pre-industrial era increases the atmospheric CO2 by 275 ppm. It is estimated that 1 Gt of CO2 increases the atmospheric CO2 concentration by 0.128 ppm (Broecker 2007). Hence, doubling atmospheric CO2 concentration to 550 ppm is equal to increasing the atmospheric CO2 by 2010 Gt CO2. The radiation change per tonne of CO2 is then estimated as [2.1 x 1015 W] / [2010 Gt CO2] = 1 kW/ tonne CO2 (airborne).
Hansen et al. (1997) also estimate adjusted RF for changing albedo of 'Tropicana' by 0.2 is -3.70 W/m2. In our analysis, we estimate that Tropicana is 50% of the land area; or about 1/7 of globe surface. For the reflected surfaces, the radiation forcing per 0.01 unit change in albedo as estimated by Hansen et al. (1997) is -1.30 W per m2 of Tropicana land. Using the 1 kW/tonne CO2, we estimate that a CO2 equivalency of -1.3 kg of CO2 per m2 of Tropicana land for a unit change in albedo (see Table 4). For cool roofs with a proposed albedo change of 0.25, the CO2 equivalency is then estimated at -33 kg CO2 per m2 of roof area. For cool pavements with a proposed albedo change of 0.15, the CO2 equivalency is equal to -20 kg CO2 per m2 of pavement area.
Table 4: Radiation forcing of changing the roofs and pavements and their CO2 equivalency
	Row
	Item
	Value

	1.
	Radiation forcing (RF) on the surface of Earth by changing albedo of 'Tropicana'  by 0.20a
	-3.70 W/m2

	2.
	Assumed change in the albedo of ‘Tropicana’ a
	0.20

	3.
	Earth RF for a Δ albedo of 0.01 [Row 1 / Row 2]
	-18.5 W/m2 of Earth

	4.
	Fraction of land to Earth surface area 
	0.29

	5.
	Tropicana fraction of land areab
	0.50

	6.
	Tropicana fraction of Earth surface area [Row 4 x Row 5]
	0.145

	7.
	Tropicana RF for a Δ albedo of  0.01 [Row 3 / Row 5] c
	-1.30 W/m2 of Tropicana

	8. 
	Tropicana CO2 equivalency for a Δ albedo of 0.01 [Row 7 / Row 7 Table 3] 
	-1.3 kg CO2/m2 of Tropicana

	9.
	Proposed change in the solar reflectance of roofs
	0.25

	10.
	CO2 equivalency of cool roofs [Row 8 x Row 9]
	-33 kg CO2/m2 of roof area

	11.
	Proposed change in the solar reflectance of pavements
	0.15

	12.
	CO2 equivalency of cool pavements [Row 8 x Row 11]
	-20 kg CO2/m2 of paved area


a:
Hansen et al., 1997.
b:
Estimated by the authors.
c:
As a check, the average solar radiation on the Earth is about 368 W/m2. Correcting for the cloud cover (25% absorbed and 25% reflected), about 50% of the radiation reaches the Earth surface, i.e. 184 W/m2. For a surface albedo change of 0.01, 25% of the reflected radiation is again absorbed by clouds, 50% escape the Earth, and 25% reflected back to Earth. Ultimately 0.01x(2/3)x184 W/m2 = 1.23 W/m2 short-wave radiation escapes the Earth atmosphere. This checks with Row 7.
4. GLOBAL COOLING: CO2 EqUivalencE 

In our calculations, we estimate that urban areas are at least 1% of the Earth’s land area about 1.5x1012 m2 (see Table 5). The roof area is 3.8x1011 m2. The paved surface area is 5.3x1011 m2. Hence, the global atmospheric CO2 equivalency potentials for cool roofs are 12 Gt of CO2. The global atmospheric CO2 equivalency potentials for cool pavements are 10 Gt of CO2. The total global atmospheric CO2 equivalency potentials for cool roofs and cool pavements are 22 Gt of CO2. IPCC estimates that only 52% of the emitted CO2 stays in the atmosphere. Hence, the total global emitted CO2 equivalent potential for cool roofs and cool pavements is 42 Gt of CO2. This 42 Gt CO2 is over a year of the 2025 projected world-wide emission of 37 Gt CO2 per year (EIA 2003).
Currently, in Europe CO2 is traded at ~$25/tonne. A 42 Gt CO2 emission reduction for changing albedo of roofs and paved surfaces is worth over $1000 billion. The contribution of cooler roofs to this CO2 savings is worth $600B.
Table 5: CO2 equivalency of increasing the albedo of roofs and pavements in all major hot cities of the world.
	Row
	Item
	Value

	1.
	Area of the Earth 
	508x1012 m2

	2.
	Land Area (29% of Earth area)
	147x1012 m2

	3.
	Dense and developed urban areas (1% of land area)
	1.5x1012 m2

	4.
	Roof area (25% of urban area) 
	3.8x1011 m2

	5.
	Paved surface area (35% of urban area)
	5.3x1011 m2

	6.
	Potential atmospheric CO2 reduction of cool roofs [Row 4 x Row 10 Table 4]
	12 Gt CO2

	7.
	Potential atmospheric CO2 reduction of cool pavements [Row 5 x Row 12 Table 4]
	10 Gt CO2

	8. 
	Total potential atmospheric CO2 reduction of cool roofs and cool pavements [Row 6 + Row 7] 
	22 Gt CO2

	9.
	Fraction of emitted CO2 that remains in the atmosphere
	0.52

	10.
	Total potential of CO2 emission reduction for cool roofs and cool pavements [Row 8 / Row 9]
	42 Gt CO2

	11.
	Projected 2025 world CO2 emissiona
	37 Gt CO2


a: 
EIA. 2003. International Energy Outlook. Energy Information Administration. Washington D.C.
5. Conclusions
Using cool roofs and cool pavements in urban areas, on the average, can increase the albedo of the urban areas by 0.1. We estimate that increasing the albedo of urban roofs and paved surfaces will induce a negative radiative forcing on the earth surface equivalent to removing 22 Gt CO2 from atmosphere. Removal of 22 Gt CO2 from atmosphere is equivalent to reducing global CO2 emission by 42 Gt. A 42 Gt CO2 emission reduction for changing albedo of roofs and paved surfaces is worth over $1000 billion. The contribution of cooler roofs to this CO2 savings is worth $600B.
Given these potential savings, we would like to recommend establishing an international organization where the developed countries offer financial support to large cities in developing countries, to trigger a cool roof/pavement program in those cities.
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