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a b s t r a c t 

Over the past three decades, high-albedo roofing has been promoted as a strategy to mitigate the urban 

heat island effect and reduce cooling energy demand and costs. In addition, high-albedo roofs can in- 

crease thermal comfort in non-conditioned buildings. Energy saving and thermal comfort benefits from 

these roofs have two components: 1- Direct benefits to individual buildings by reducing absorbed short- 

wave radiation through the roof, and 2- Neighborhood-scale indirect benefit resulting from reduced am- 

bient air temperatures, particularly when high-albedo surfaces are deployed on a large scale. This study 

is an effort to quantify the relative importance of these direct and indirect benefits and identify how they 

are affected by building and climate characteristics. We used whole-building energy simulations of a set 

of archetypical single family residential buildings in three locations with distinct characteristics within 

the Los Angeles area (one coastal, and two inland). Our simulations show that benefits from the indirect 

effect can be the same order of magnitude as the direct effects. More importantly, these benefits depend 

on the climate and building characteristics. The highest energy and thermal comfort benefits were ob- 

served in a low-performance building (defined by airtightness and ceiling insulation level) in Long Beach, 

where simulations indicated an energy savings of 41% and thermal comfort improvement of 23% due to 

a combination of direct and indirect effects. 

© 2018 Elsevier B.V. All rights reserved. 
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. Introduction 

Many urbanized areas around the world are dealing with chal-

enges posed by the urban heat island (UHI) effect. Warmer ur-

an climates are a result of dark surfaces, anthropogenic heat, high

eat storage capacity of urban elements, lack of green spaces, re-

uced infrared emittance to the sky due to trapping of radiation

y urban morphology, and low circulation of air in dense urban

nvironments [15] . The increased cooling energy demand of build-

ngs is a major challenge caused by UHIs since it contributes to a

eed-back loop, further intensifying the UHI. Not only do increased

mbient air temperatures increase the heat gain through building

nvelopes, but they also reduce the overall efficiency of air condi-

ioners [23] . Perhaps more importantly, air conditioner use results

n waste heat emission into the urban environment, further exac-

rbating the UHI effect. Accordingly, as reported by Santamouris

22] , on average, urban buildings consume 13% more air condition-

ng energy than comparable non-urban buildings. Kolokotroni et al.
∗ Corresponding author. 
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10] also consider future scenarios and report that for office build-

ngs in London, the urban to reference (rural) building cooling en-

rgy consumption ratio will increase from 1.08 in 20 0 0 to 1.15 in

050. High-albedo urban surfaces (e.g., roofs, or pavements), also

nown as cool surfaces are effective strategies to counterbalance

he heat island impacts. By reducing the absorbed solar energy,

hese surfaces provide a cooling effect. This cooling of the urban

nvironment indirectly benefits indoor thermal comfort and energy

onsumption of buildings [3] . Santamouris [21] performed a broad

eta-analysis of the literature on the UHI mitigation benefits of

igh-albedo and green (vegetated) roofs. His work suggests that in

unny climates (e.g., southwest U.S.), high-albedo roofs are a highly

ffective strategy to mitigate the UHI and outperform green roofs

n this regard. He also used regression analysis of data from pre-

ious studies and reported a 0.3 °C decrease in summertime aver-

ge ambient temperature in urban areas per 0.1 increase of average

lbedo of urban surfaces. In another study, Scherba et al. [24] com-

ared white, green, and PV-shaded roofs in five major U.S. cities

nd reported that white roofs have the lowest daily sensible heat

ux rate to the urban environment. They report that white roofs

an reduce this metric by up to 80%, as compared to a 60% reduc-

ion associated with the second best option (green roofs). 

https://doi.org/10.1016/j.enbuild.2018.08.048
http://www.ScienceDirect.com
http://www.elsevier.com/locate/enbuild
http://crossmark.crossref.org/dialog/?doi=10.1016/j.enbuild.2018.08.048&domain=pdf
mailto:david.sailor@asu.edu
https://doi.org/10.1016/j.enbuild.2018.08.048


72 A. Baniassadi et al. / Energy & Buildings 178 (2018) 71–83 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  

I  

u  

d  

e  

w  

m  

e  

i  

f  

i  

fi  

t  

I  

I  

t  

W  

fi  

l  

(  

a  

l  

f  

t  

t  

f  

t  

f  

t  

p  

t

2

 

w  

r  

m  

a  

t  

t  

e  

t  

t  

l  

P  

I  

f  

[  

2

 

l  

d  

r  

c  

s  

i  

3  

i  

t  

c  

c  

o

While the observed cooling effect from implementation of high-

albedo roofs can indirectly benefit the thermal comfort and en-

ergy consumption of buildings, the literature has mostly focused

on its direct benefits to buildings. Depending upon the climate

and building characteristics, heat gain through the roof can be

a significant contributor to the cooling energy demand of build-

ings [4,26] . Moreover, in the case of free-running buildings (no

Air Conditioning), this heat gain has detrimental impacts on ther-

mal comfort and reducing it can significantly improve buildings’

passive performance—especially, in sunny climates. For example,

the two-year data measurement campaign of Akbari et al. [1] in

two buildings in Sacramento, CA showed seasonal energy savings

and peak load reductions of 2.2 kWh/d and 0.6 kW in a house and

3.1 kWh/d and 0.6 kW in a school building. In another study for the

same climate, Rosenfeld et al. [19] report a 20–40% cooling energy

savings potential for a single-family detached building. Synnefa et

al. [27] used whole-building simulations of buildings in 27 cities

around the world and reported cooling energy savings and peak

demand reductions of 18–93% and 11–27%, respectively. Moreover,

in non-conditioned buildings in the considered cities, they ob-

served 9–100% decrease in the number of uncomfortable hours. In

addition to these studies, some papers consider the aggregate ef-

fect of these savings on total energy consumption within a region.

For example, Boixo et al. [5] report that high-scale implementa-

tion of cool roofs in Andalusia, Spain can save up to 295,0 0 0 kWh

of energy annually. This corresponds to 59 million euros in energy

costs and 135,0 0 0 metric tons of emitted CO 2 . Finally, most stud-

ies that compare the economic profitability of cool roofs to other

roofing strategies, e.g., the work done by Sproul et al. [25] , report

that cool roofs are the most cost-effective energy saving strategy

when it comes to rooftops. All mentioned studies are limited to

the direct benefits of cool roofs. Among the few papers that in-

vestigate the indirect benefits, there is the notable study by Akbari

and Konopacki [2] on 3 building types (office, residential, retail)

with different vintages in 240 locations. Their work resulted in ta-

bles that included direct savings from implementation of cool roofs

on each building as well as the indirect savings from UHI mitiga-

tion strategies (shade trees, and high-albedo surfaces). 

The present study addresses the research gap in understand-

ing direct and indirect benefits to energy consumption and ther-

mal comfort by focusing on their dependency on building and ur-

ban climate characteristics. In addition, given the lack of studies

looking at the impact of building characteristics on the effective-

ness of high-albedo roofs, we sought to identify envelope proper-

ties and climate types that would result in significant benefits from

implementation of high-albedo roofs. In order to do this, we used

whole-building simulations of archetypical low-, moderate-, and

high-performance residential buildings in three locations with dis-

tinct geographical characteristics and urban morphologies within

Los Angeles, CA. In addition, we conducted a sensitivity analy-

sis to identify envelope properties that are key determinants of

high-albedo roof effectiveness in single-family residential build-

ings. Based on our simulation results, we compared all cases and

discussed building/climate characteristics that are determinant of

high-albedo roof effectiveness. 

2. Methods 

The analysis in this study is based on validated whole-building

energy simulations supplemented with national and regional data

sources to inform the input to the models. First, we conducted

a sensitivity analysis to study how different building characteris-

tics impact the effectiveness of high-albedo roofs. Then, based on

the result from the sensitivity analysis, we defined three archetype

buildings using variables that we found to be the main determi-

nants of high-albedo roof effectiveness. These archetypes where
hen used in the main simulations under three different scenarios.

n the first scenario, we simulated the effects of roof albedo change

nder version 3 of the Typical Meteorological Year (TMY3) weather

ata. This gave us the direct benefits of high-albedo roofs to differ-

nt buildings. Then, we ran the same simulations using modified

eather files that reflect urban cooling due to large-scale imple-

entation of cool surfaces. Hence, this case includes direct ben-

fits of installing high-albedo roofs on a building combined with

ndirect benefits of neighborhood scale implementation of cool sur-

aces. Finally, to isolate the indirect benefits, we simulated build-

ngs with typical low-albedo roofs under the modified weather

les. This scenario highlights the effects from large-scale adapta-

ion of cool urban surfaces to buildings without high-albedo roofs.

n all scenarios, buildings were simulated with and without AC.

n buildings with AC, in each simulation, the cooling system elec-

ricity consumption (kWh) over the whole period was exported.

e used this information to calculate the costs based on a simpli-

ed billing system (with a constant rate of 0.2 $/kWh representing

ocal residential energy prices in 2017). In free-running buildings

i.e., those without AC), we outputted the number of uncomfort-

ble hours as a metric to assess thermal comfort. This was calcu-

ated using the ASHRAE 55 adaptive method, which considers the

act that an occupants’ thermal comfort threshold is a function of

he outdoor weather conditions. This method is based on the fact

hat occupants would adapt to heat over time. Therefore, their pre-

erred indoor temperature is a function of the outdoor tempera-

ure they have been exposed to over the last month. To account

or this, the adaptive method modifies the indoor thermal comfort

hreshold based on the monthly running average of outdoor tem-

erature. In all runs, the simulated period was May to August and

he timestep was set to 15 min. 

.1. EnergyPlus 

Decades of research dedicated to developing and validating

hole-building energy models has resulted in various tools cur-

ently available to engineers and researchers. These physics-based

odels dynamically solve mass and energy balance equations for

ll zones within a building while considering the interactions with

he outdoor environment (e.g., radiation exchange, heat transfer

hrough envelopes) and heat sources inside zones (e.g., people,

lectric equipment). Most modern whole-building energy simula-

ion tools have proven to be capable of accurately simulating the

hermal conditions inside buildings, as well as heating and cooling

oads. Developed by the U.S. Department of Energy (DOE), Energy-

lus is a validated tool widely used by researchers in this field [6] .

n particular, it is a simulation tool mostly chosen by researchers

or studies with similar scope and building type as this our work

16,31] . Therefore, we chose it as the simulation tool for this study.

.2. Climate data and study regions 

In this study, two sets of weather data were required for each

ocation. First, we needed to simulate buildings under typical con-

itions. In addition, we needed a separate set of weather data that

eflects urban cooling effects from large-scale implementation of

ool surfaces. Therefore, we used the original and a modified ver-

ion of TMY3 data for the two scenarios. TMY3 data is a climat-

cally representative dataset for a given location, created from a

0-year climate record using the Sandia method [28] . The method

dentifies the most representative January from the data record,

hen repeats this process for each subsequent month of the year,

oncatenating the representative months from across the 30-year

limate record, using linear curve-fitting (for the first and last 6 h

f each month) to stitch the individual months together. 
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Fig. 1. The location of three airport stations within the L.A. basin. While Long Beach and Van Nuys had airport stations with available TMY3 data, data for Pomona was 

extracted from Chino airport which is the closest station with TMY3 data. Map data © 2018 Google, INEGI. 

Table 1 

Summary climate characteristics of the three locations. All data from May to Aug. 

Weather station Cooling degree - days ( °C –day) Minimum temperature ( °C) Mean temperature ( °C) Maximum temperature ( °C) 

Van Nuys 666 11 21.8 39 

Chino 670 10 1 21.4 39 

Long Beach 406 10.6 20.1 35 

1 The outlier data point of 6 °C was removed. 
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l  
Using the California poverty data from CalEnviroScreen 2.0

8] and tree cover data from LAR-IAC [11] , we identified 3 regions

n the Los Angeles metro area that have high levels of poverty and

ow vegetation cover. In general, the population in such locations

re considered to be more vulnerable to heat due to limited fi-

ancial and social resources [9] . In addition, limited financial re-

ources means that they could benefit more from saving in util-

ty bills. Pomona is in the eastern inland reaches of Los Angeles

ounty with very warm conditions during the summer. Van Nuys

s located in the San Fernando Valley. This valley is isolated from

irect airflow from the ocean even though the distance to the Pa-

ific Ocean is relatively small. There is a small bottleneck for air

ow into and out of the valley between the Hollywood Hills and

he Verdugo Mountains. Due to the physical geography of the val-

ey, the San Fernando Valley becomes hot very quickly under syn-

ptically benign conditions and air quality can quickly deteriorate

ith the large volume of pollution within the valley that cannot

scape under these conditions. This is in some contrast to the San

ernardino Valley where Pomona is located. The San Bernardino

alley is further inland; however, there is better airflow through

his valley due to a wider gap between the Chino Hills, the San

ose Hills, and the Angeles National Forest. This flow changes the

hysical processes by which Pomona experiences extreme heat and

oor air quality compared to those processes in action in the San

ernando Valley and Van Nuys. Finally, Long Beach is on the Pacific

cean coast in SW LA County and gives us another type of micro-

limate (i.e., lower mean and maximum temperatures) that helps

apture land cover and baseline climate variations within the area.

ig. 1 shows the location of three airport stations within the L.A.

asin. In addition, summary climate characteristics are provided in

able 1 . 

To analyze the effect of high-albedo roofing and paving across

he LA basin on energy usage and indoor thermal comfort for a
 s
ingle house, we adjusted the outdoor temperature from the TMY3

ata to account for the cooling associated with these mitigation

trategies. To do so, we assumed that the effect of these strate-

ies on lowering outdoor temperature may be unevenly distributed

cross the day. As a sensitivity test, we ran whole-building en-

rgy models using several diurnal temperature perturbation pro-

les (uniform, single modal, and bimodal) for a nominal 1 °C cool-

ng effect, while controlling for the total degree-hours of reduc-

ion (area below the curve) over a 24-hr period. We found no sig-

ificant difference between the tested profiles (shown in Fig. 2 ).

ence, to mimic temporal profiles of mitigation-induced cooling

ost commonly reported in the literature [14,30] , we selected a

imodal sinusoidal profile. In addition, since cloud cover is a key

eterminant of the temperature reduction profile, we scanned all

eather data to identify days with considerable cloud cover. No-

ably, in all three locations, less than 8% of days had considerable

loud cover. Thus, ignoring the errors caused by assuming a single

emperature profile for all days is justified. It is important to note

hat magnitude of the urban cooling (1 °C daily maximum) used in

his study is arbitrary. Based on the previously-mentioned study by

antamouris [21] , our selected scenario is a conservative estimate

f the effect of city-wide cool surface implementation. Hence, a

ore aggressive urban cooling scenario would result in higher in-

irect benefits than those reported in this study. 

.3. Archetype building 

In this study, we focused on single-family residential buildings

ith wood-frame construction. This is the dominant type of resi-

ential building in the U.S., and in particular, within the Los Ange-

es metro area [7] . All modeled buildings were based on a typical

ize and geometry for this region, as shown in Fig. 3 . 
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Fig. 2. Different temperature reduction profiles considered for the effect of high-albedo surfaces on urban climates. 

Fig. 3. The geometry of the modelled archetype buildings. Here, the building orientation and window sizes are not shown as they are variables in the sensitivity analysis. 

Fig. 4. Daily occupancy, plug, and lighting schedules. 
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Each simulated building was assumed to have four residents.

For buildings with air conditioning, the cooling set point tem-

perature was fixed at 24 °C. The activity level (human metabolic

rate) was set as the default value for residential buildings

(117 W/person). Plug power density and lighting power density
ere set as 1.07 and 2.15 W m 

−2 , respectively (see Fig. 4 for pro-

les of schedules). All internal load input values were obtained

rom the Residential Prototype Building Models provided by the

ffice of Building Technology of the U.S. Department of Energy

 www.energycodes.gov ). 

http://www.energycodes.gov
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Table 2 

List of variables considered for sensitivity analysis. 

Variable Range / Types 

Ceiling Insulation R-Value (m 

2 .K.W 

−1 ) 4.1–7.5 

Wall Insulation R-Value (m 

2 .K.W 

−1 ) 1–3 

Glazing U-Value (W.m 

−2 .K −1 ) 1.9–4.9 

Solar heat gain coefficient (SHGC) 0.4–0.6 

Air exchange rate (1/hr) 0.3–1.2 

Orientation (degrees from N axis) 0 (S-N)–90 (E-W) 

Window to wall ratio (WWR) on all sides (%) 0.15–0.3 

3
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Table 3 

Archetypes defined based on the result of sensitivity analysis. 

Archetype AER (1/hr) Ceil. insulation R -Value 

High performance 0.5 7.5 

Moderate performance 1 4.1 

Low performance 1.5 1.8 
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. Sensitivity analysis 

We conducted a sensitivity analysis for building characteristics

hat could potentially be determinants of high-albedo roof effec-

iveness for improving thermal comfort or energy efficiency (listed

n Table 2 ). For envelope properties, the range of each variable was

etermined based on values from different versions (2003–2012) of

he International Energy Conservation Code (IECC) obtained from

ww.iccsafe.org . Variables that remained constant (or were not

ddressed) in the last 4 versions of the IECC code, e.g., floor

-value or AC efficiency, are excluded from the sensitivity analy-

is and were set based on the 2006 code. In addition, although

entilating the attic could potentially have a large impact on the

ffectiveness of high-albedo roofs, we consider it an active strat-

gy that is not inherent to the building design. Hence, while ac-

nowledging that a highly ventilated attic could potentially render

igh-albedo roofing of little additional value, we did not include

ttic ventilation in our sensitivity analysis. For infiltration rate, the

ange reported by Yamamoto et al. [29] was used. We conducted

ll simulations using the unmodified TMY3 data. Hence, the sensi-

ivity analysis is based only on the direct benefits of high-albedo

oofs. 

After generating the models, we set up a run procedure in

hich, for each variable, the lower and higher limits were simu-

ated using all possible combinations of the remaining variables.

herefore, 128 simulations were run for each building (64 for en-

rgy and 64 for thermal comfort). This was done for all three lo-

ations. Therefore, a total of 384 (128 × 3) simulations were run.

hen, we repeated all simulations while changing the roof albedo

rom 0.2 to 0.5. We obtained these values from the work of Prado

nd Ferreira [17] . While the albedo of 0.2 represents a typical roof

ith a dark surface (default value in EnergyPlus), the albedo of 0.5

epresents a roof top with a bright color after weatherization (de-

erioration of albedo during the first years) and is a conservative

stimate of the albedo of high-albedo sloped roofs. 

This enabled us to calculate energy savings or thermal comfort

mprovements (defined as the reduction in the number of uncom-

ortable hours) of high-albedo roofs for all runs. Consecutively, for

oth ends of each variable in our sensitivity analysis, we calcu-

ated the average energy saving / thermal comfort improvement

hat reflect all possible scenarios with respect to the other remain-

ng variables. Accordingly, for each variable, the larger the differ-

nce between average energy saving/ thermal comfort improve-

ent of lower and higher ends of its range, the more influential

hat variable would be on the effectiveness of high-albedo roof on

nergy saving / thermal comfort improvement. The advantage of

he applied method is that it helps to ensure we are capturing

he interactions between these variables. Figs. 5 and 6 show the

esults from this analysis for thermal comfort and cooling energy

onsumption. 

As suggested by the results, ceiling insulation level is the key

ariable in determining the benefits from high-albedo roof imple-

entation. This can be justified by the fact that the ceiling insu-

ation is the only thermal barrier between the interior space and
he attic, which is in direct contact with the roof. Therefore, the

ore thermally-resistant the ceiling layer, the more thermally iso-

ated the living space from the attic, and hence the less impact

rom rooftop albedo modification. In addition to ceiling insulation,

ir exchange rate (AER) has non-trivial effects on thermal comfort,

specially in the case of Long Beach, for which the ambient envi-

onment is typically closer to the thermal comfort threshold (re-

er to Table 1 ). Hence, the disturbance caused to the system by

he albedo change in Long Beach could cause a higher increase in

he number of comfortable hours if there is a higher air exchange

ate with outdoors. Based on these findings, in a shell-dominated

ingle family detached residential building in these climates, the

eiling insulation R -value and the AER are the primary determi-

ants of the effectiveness of high-albedo roofs in reducing cool-

ng energy demand or improving thermal comfort. Hence, for the

est of the analysis, the archetypes will be defined solely based

n these two variables. Table 3 shows ceiling R -value and AER

or the three archetypes that represent low, moderate, and high-

erformance buildings. While for the high and moderate perfor-

ance buildings, ceiling R -value is from IECC 2012 and 2006, the

ow performance building represents a building not complying to

ny IECC version. AER values for all archetypes were selected based

n the range reported by Yamamoto et al. [29] . All other variables

ere set based on the IECC 2006 model building with a south fac-

ng orientation. 

As a final step in the sensitivity analysis, we investigated the

otential impacts that window operation behavior might have on

hermal comfort results for the non-conditioned buildings. Hence,

e simulated all three buildings in all locations (a total of 9 cases),

xporting thermal comfort metrics for the base case and for the

ase of roof albedo increase under two scenarios: 1- occupants do

ot have any window operation strategy (windows are closed all

he time) 2- occupants would open windows when the outdoor

emperature is at least 2 °C cooler than indoors (only between 6

M and 10 PM). As Fig. 7 shows, while in some cases, the baseline

alues are highly-dependent on window operation strategy, in gen-

ral, the impacts from high-albedo roofs are less sensitive to the

indow operation strategy. Therefore, we did not include window

peration strategy in our analysis. In our final simulations of build-

ngs without AC, we assumed the occupants do not actively open

indows. Nevertheless, as Fig. 7 suggests, we expect the effects

rom this assumption on our final results for the improvement po-

ential to be insignificant. 

. Results and discussion 

In the final simulations, we used the defined archetypes to run

nergyPlus models in all three locations. First, in order to verify

hat our archetypes accurately represent the target building stock,

e compared simulated total monthly electricity demands of all

rchetypes with the average monthly electricity consumption of

esidential buildings in each location reported by the utility com-

any serving the area. Since the utility data was from 2016, we ran

he simulations using actual weather data recorded at each airport

tation in summer 2016. As Fig. 8 shows, considering the Califor-

ia Climate Zone Averages (CCZ Avg.), our archetypes provide an

cceptable representation of the existing building stock. Here, H.P.,

http://www.iccsafe.org
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Fig. 5. Sensitivity of thermal comfort improvement (in buildings without AC) to albedo-increase to different variables in (a) Chino (b) Long beach (c) Van Nuys. Here, “low”

and “high” refer to the low and high ends of the considered range (reported in Table 2 ) for each variable. The two bars for each variable show the possible range of benefits 

for each variable. Hence, the higher the difference between the two bars, the more important that variable in determining the benefits of high-albedo roofs. 
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Fig. 6. Sensitivity of cooling energy savings (in buildings with AC) to albedo-increase to different variables in (a) Chino (b) Long beach (c) Van Nuys. Here, “low” and “high”

refer to the low and high ends of the considered range (reported in Table 2 ) for each variable. The two bars for each variable show the possible range of benefits for each 

variable. Hence, the higher the difference between the two bars, the more important that variable in determining the benefits of high-albedo roofs. 
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Fig. 7. The effects of window operation strategy on: (a) thermal comfort in baseline buildings (b) the effectiveness of high-albedo roof in reducing the number of uncom- 

fortable hours. Here, archetypes 1, 2, and 3 refer to high, moderate, and low-performance buildings, respectively. 
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M.P., and L.P., stand for High, Medium, and Low Performance build-

ings. 

After verifying that the archetypes represent the building stock

well, we proceeded with the final simulations in which we used

original and modified (urban cooling scenario) versions of TMY3

data. For direct and combined (direct + indirect) benefits, we in-

creased the roof albedo from a baseline value of 0.2 to a retrofitted

value of 0.5 and simulated the buildings under original and mod-

ified TMY3 weather data. For the indirect scenario, we simulated

buildings with an unmodified roof albedo of 0.2 under the mod-

ified TMY3 data. Thermal comfort (reported as the number of

uncomfortable hours based on ASHRAE 55 standard) and cooling

energy demand (reported as the electricity cost of cooling system

over the summer) were exported for further analysis. 
h  
.1. Effects on cooling energy demand 

Fig. 9 shows the direct and indirect impacts of increasing the

oof albedo on cooling energy costs for low (L.P.), moderate (M.P.),

nd high (H.P.) performance buildings. In these plots, bars with

ashed outlines represent the baseline values and the bars with

olid colors show the reduced values to due higher albedo. In ad-

ition, � refers to the cooling energy cost saving over the summer

n U.S. dollars (and in percentages of saving). 

These simulations highlight the impact of building character-

stics (namely, insulation level and air-tightness) as well as the

limate on the effectiveness of high-albedo roofs. First, in all

hree locations, the direct benefits of high-albedo roofs in low-

erformance buildings is more than two times higher than the

igh performance buildings. Second, indirect energy savings, while
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Table 4 

Energy and thermal comfort benefits of high-albedo roofs in low-performance buildings. 

Location Cooling system electricity cost over the summer ($) Number of uncomfortable hours over the summer 

Base-line Direct reduction Indirect reduction Combined reduction Base-line Direct reduction Indirect reduction Combined reduction 

Long-Beach 118 33 16 47 1148 138 82 226 

Chino 235 36 19 54 1388 53 47 105 

Van Nuys 234 38 18 55 1380 58 45 105 

Fig. 8. Validating the archetypes’ representativeness of the actual building stock by 

comparing the simulated energy consumption to average household energy demand 

in each area. Results are for low (L.P.), medium (M.P.), and high (H.P.) performance 

buildings, as well as for the corresponding California Climate Zone averages (CCZ 

Avg.). 
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ower, are the same order of magnitude as the direct savings in all

ases. However, it should be noted that the numbers reported here

re per 1 °C of ambient air cooling. Hence, effects from a more

ggressive urban cooling scenario could easily surpass the direct

enefits from roof albedo increase. Third, irrespective of the base-

ine values, the direct and indirect energy savings are very sim-

lar in all climates. This can be explained by the fact that these

ocations have approximately the same latitude; thus, consider-

ng the low fraction of cloudy days in the TMY3 data, they all

eceive roughly the same amount of solar radiation. Hence, in-

roducing similar albedo increase to the system would result in

lmost the same amount of avoided heat gain for similar buildings

n all three climates. With respect to indirect effects, the observed

imilarity between the climates are due to the same temperature

eduction profile that we assumed for all three locations. How-

ver, when considering the relative savings, since baseline values

n Long Beach were significantly lower, the percent saving in en-

rgy costs (for direct and indirect effects) is much higher than the

ther locations. Finally, expectedly, the results suggest that com-

ined effects present a scenario with maximum energy saving. For

ow-performance buildings, the calculated reduction in summer-

ime cooling electricity cost ranges from 23% in Van Nuys and

hino to 40% in Long Beach. Notably, in all cases, the combined

enefits (direct + indirect) are roughly equal to the sum of the iso-

ated direct and indirect benefits. Therefore, combined benefits can

e approximated by simply adding the two components. 

.2. Effects on indoor thermal comfort 

Fig. 10 shows the direct and indirect impacts of increasing the

oof albedo on summertime thermal comfort inside unconditioned

uildings. In these plots, bars with dashed outlines represent the

umber of uncomfortable hours in the baseline building and the

ars with solid colors show the reduced values to due higher
lbedo. Here, � refers to the reduction in the number of uncom-

ortable hours over the summer. 

As seen in the figure, depending upon the location and building

ype, the reduction in the number of uncomfortable hours during

he summer due to implementation of high-albedo roofing could

e between 50 and 155 h. Also, similar to the energy savings

esults, the low-performance building is associated with a larger

hermal comfort benefit than the other buildings. In addition, di-

ect benefits of albedo increase to thermal comfort are higher in

ong Beach, which has the coolest climate among the selected re-

ions (an average reduction of 94 h compared to 41 and 45 h in

he other locations). As mentioned earlier, this is due to the fact

hat in Long Beach, the outdoor conditions are relatively closer

o the thermal comfort threshold (based on ASHRAE-55 method).

ence, in this location, increasing the roof albedo can have more

ubstantial effects on the number of uncomfortable hours. More-

ver, in contrast to energy demand, direct and indirect benefits

o thermal comfort have generally the same magnitude (across all

ocations and in different buildings types). In other words, when

onsidering the thermal comfort inside a non-conditioned building,

arge-scale implementation of high-albedo roofs in the area could

otentially lead to the same result as increasing the roof albedo of

hat single building. 

Another notable trend observed in the results is that baseline

.P. buildings have fewer uncomfortable hours than the H.P. ones.

everal other studies on summertime thermal comfort in non-

onditioned buildings have reported similar findings [12,13,18] . In

he absence of ventilation (especially, nighttime ventilation such

s leaving the windows open during the night), buildings that are

ore insulated and airtight could potentially overheat more than

verage buildings. Since in our model, occupants would not open

indows at night (a realistic assumption, especially in high crime

r noisy neighborhoods), benefits from nighttime ventilation are

inimal. Therefore, there is an optimum infiltration rate that can

rovide more comfort. In this case, M.P. buildings are closer to that

ptimum than the other two archetypes. 

Finally, when considering the combined (direct and indirect)

ffects, the im provement in thermal comfort in non-conditioned

uildings could be significant. The average reduction in the num-

er of uncomfortable hours (across different building types) is 226

n Long Beach, and 105 in Chino and in Van Nuys. In addition, for

hermal comfort, the sum of isolated direct and indirect benefits is

ot as close to the combined benefits as it was for cooling energy.

n other words, the approximate additivity of the cooling energy

enefits cannot be applied to obtain the reduction in the number

f uncomfortable hours in non-conditioned buildings. 

.3. Improvement potential in low-performance buildings 

Based on the simulation results, the less energy efficient

nd thermally comfortable the building (the low-performance

uilding), the more the potential for improvement. So, there is

alue in exploring the low-performance building in more depth.

able 4 lists both performance metric and the associated improve-

ent due the high-albedo roofs for low-performance buildings in
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Fig. 9. The direct, indirect (per 1 °C of ambient air cooling), and combined benefits of increasing the roof albedo on summertime cooling energy costs in conditioned low 

(L.P.), moderate (M.P.), and high (H.P.) performance buildings in (a) Long Beach (b) Chino (c) Van Nuys. 
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Fig. 10. The direct, indirect (per 1 °C of ambient air cooling), and combined benefits 

of increasing the roof albedo on summertime thermal comfort in unconditioned low 

(L.P.), moderate (M.P.), and high (H.P.) performance buildings in (a) Long Beach (b) 

Chino (c) Van Nuys. 
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ll locations. In addition, Fig. 11 shows the percentages of improve-

ent for both thermal comfort and energy efficiency. 

In general, increasing the roof albedo of buildings within

n urban environment can reduce cooling energy costs of low-

erformance buildings by 24–41%. Given the relatively low incre-

ental cost of high-albedo roofs [19] , we find this strategy to be

romising both for improving energy efficiency and thermal com-

ort. More importantly, our study shows that in the climates we

odeled, the indirect cost benefits from urban cooling to residents

f low-performance building with low-albedo roofs can be around

0%. It is noteworthy that a less conservative assumption with re-
pect to the magnitude of urban cooling can potentially lead to

ore savings. 

In non-conditioned buildings, the modeled reduction in the

umber of uncomfortable hours from the combined benefits

anges from 105 in Chino and Van Nuys to 226 in Long Beach. The

mportant point here is that this strategy has more noticeable ben-

fits in climates that are more moderate. When averaged over the

ntire modeled period, the 226 h of reduction in Long Beach cor-

esponds to an average of 2.4 more comfortable hours per day in

hese residences. Nevertheless, in warmer climates, since the hot

mbient air is the main contributor to thermal discomfort inside

uildings, increasing the roof albedo (which reduces the heat gain

hrough short wave radiation) is relatively less effective in provid-

ng more comfortable hours. Although, considering the relatively

ow-cost [25] ), even in these climates, large-scale increase in the

oof albedo of buildings in low-income neighborhoods can be con-

idered as an effective strategy to relatively reduce heat exposure

f more vulnerable groups. In addition, it could lead to less ten-

ency (or need) to purchase and install AC. 

. Conclusion 

In this study, we used whole-building energy simulations to es-

imate direct and indirect benefits of high-albedo roofs on single-

amily detached residential buildings in three locations within the

os Angeles area in Southern California. An important finding of

his study is that in shell-dominated buildings, air-tightness and

eiling insulation levels are the main determinants of the effective-

ess of high-albedo roofs. Moreover, across all climates, the low-

erformance buildings had the highest potential for energy use re-

uction (in conditioned buildings) and thermal comfort improve-

ent (in non-conditioned buildings). This is significant as the pop-

lation most at risk during extreme heat events (the poor) are also

ost likely to reside in lower performance buildings [20] . In addi-

ion, buildings in Long Beach, which is closer to the coast and has

 cooler climate (closer to the thermal comfort threshold), would

ee more thermal comfort benefits than buildings in the two other

ocations that are further inland (Chino and Van Nuys). Further-

ore, the indirect benefits from the ambient cooling caused by

arge-scale implementation of cool urban surfaces are similar in

agnitude to the direct benefits from implementing a high-albedo

oof on a single building. The two inland locations, although ge-

graphically different, showed very similar results, suggesting that

he dependencies observed here are mostly determined by distance

rom the coast. 

When the combined effects (direct and indirect) are considered,

ur simulations show that, depending on the climate, large-scale

mplementation of high-albedo roofs over an area could result in a

4–41% savings in cooling energy costs for low-performance build-

ngs. In non-conditioned buildings, albedo increase can reduce the

umber of uncomfortable hours during the summer by up to 20%.

otably, in the case of cooling energy savings, we noticed a lin-

arity in the results showing that the combined benefits can be

pproximated by simply summing the direct and indirect benefits.

owever, this linearity was not observed with respect to thermal

omfort benefits. 

From a policy standpoint, this work has two key findings. First,

he fact that the magnitude of the direct and indirect benefits

f high-albedo roofing are similar highlights the potential bene-

t from large-scale implementation of high-albedo roofs. In ad-

ition, considering the ranges observed, these findings highlight

he importance of prioritizing buildings and areas that would ben-

fit the most from high-albedo roof adoption. According to our

ndings, low-performance buildings in cooler parts of the urban

rea show the highest potential for improvement and should be

rioritized. 
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Fig. 11. The direct, indirect (per 1 °C of ambient air cooling), and combined benefits of increasing the roof albedo on (a) cooling energy cost, and (b) thermal comfort. 

 

 

 

W  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[  

 

 

 

[  

[  

 

Conflict of interest statement 

The following conflict of interest statement applies for all au-

thors: No conflicts of interest exist. 

Declarations of interest 

None. 

Acknowledgments 

This research was supported in part by the National Science

Foundation under grants −1512429 and 1623948 . Co-author GB-

 also received support from CBET - 1752522 . Any opinions, find-

ings, and conclusions or recommendations expressed in this ma-

terial are those of the authors and do not necessarily reflect the

views of the National Science Foundation. 

References 

[1] H. Akbari , S. Bretz , D.M. Kurn , J. Hanford , Peak power and cooling energy sav-

ings of high-albedo roofs, Energy Build. 25 (1997) 117–126 . 
[2] H. Akbari , S. Konopacki , Calculating energy-saving potentials of heat-island re-

duction strategies, Energy Policy 33 (2005) 721–756 . 

[3] H. Akbari , H.D. Matthews , Global cooling updates: reflective roofs and pave-
ments, Energy Build. 55 (2012) 2–6 . 

[4] A. Baniassadi , J. Heusinger , D.J. Sailor , Building energy savings potential of a
hybrid roofing system involving high albedo, moisture retaining foam materi-

als, Energy Build. (2018) . 
[5] S. Boixo , M. Diaz-Vicente , A. Colmenar , M.A. Castro , Potential energy savings

from cool roofs in Spain and Andalusia, Energy 38 (2012) 425–438 . 
[6] D.B. Crawley , L.K. Lawrie , F.C. Winkelmann , W.F. Buhl , Y.J. Huang , C.O. Pedersen ,

R.K. Strand , R.J. Liesen , D.E. Fisher , M.J. Witte , EnergyPlus: creating a new-gen-

eration building energy simulation program, Energy Build. 33 (2001) 319–331 . 
[7] EIA, Residential Energy Consumption Survey, U.S Department of Energy, 2015 . 

[8] J. Faust , L. August , G. Alexeeff, K. Bangia , R. Cendak , E. Cheung-Sutton , Califor-
nia Communities Environmental Health Screening Tool, Version 2.0 (CalEnviro-

Screen 2.0) Guidance and Screening Tool, 2014 Sacramento, CA . 
[9] D.M. Hondula , R.E. Davis , M.V. Saha , C.R. Wegner , L.M. Veazey , Geographic di-

mensions of heat-related mortality in seven US cities, Environ. Res. 138 (2015)
439–452 . 

[10] M. Kolokotroni , X. Ren , M. Davies , A. Mavrogianni , London’s urban heat island:
Impact on current and future energy consumption in office buildings, Energy

Build. 47 (2012) 302–311 . 

[11] D. Maune , Vertical Accuracy Assessment report, 2006 LiDAR Bare-Earth Dataset
for Los Angeles Region Imagery Acquisition Consortium (LAR-IAC), Dewberry,

Fairfax, VA, 2006 . 
[12] A. Mavrogianni , P. Wilkinson , M. Davies , P. Biddulph , E. Oikonomou , Building

characteristics as determinants of propensity to high indoor summer tempera-
tures in London dwellings, Build. Environ. 55 (2012) 117–130 . 

[13] J. Mlakar , J. Strancar , Overheating in residential passive house: solution strate-
gies revealed and confirmed through data analysis and simulations, Energy

Build. 43 (2011) 1443–1451 . 

[14] A. Mohegh , P. Rosado , L. Jin , D. Millstein , R. Levinson , G. Ban-Weiss , Modeling
the climate impacts of deploying solar reflective cool pavements in California

cities, J. Geophys. Res. 122 (2017) 6798–6817 . 
[15] T. Oke , G. Johnson , D. Steyn , I. Watson , Simulation of surface urban heat islands

under ‘ideal’conditions at night Part 2: diagnosis of causation, Bound.-Layer
Meteorol. 56 (1991) 339–358 . 

[16] S.M. Porritt , P.C. Cropper , L. Shao , C.I. Goodier , Ranking of interventions to re-

duce dwelling overheating during heat waves, Energy Build. 55 (2012) 16–27 . 
[17] R.T.A. Prado , F.L. Ferreira , Measurement of albedo and analysis of its influence

the surface temperature of building roof materials, Energy Build. 37 (2005)
295–300 . 

[18] Z.G. Ren , X.M. Wang , D. Chen , Heat stress within energy efficient dwellings in
Australia, Arch. Sci. Rev. 57 (2014) 227–236 . 

[19] A.H. Rosenfeld , H. Akbari , S. Bretz , B.L. Fishman , D.M. Kurn , D. Sailor , H. Taha ,

Mitigation of urban heat Islands: materials, utility programs, updates, Energy
Build. 22 (1995) 255–265 . 

20] A. Sakka , M. Santamouris , I. Livada , F. Nicol , M. Wilson , On the thermal per-
formance of low income housing during heat waves, Energy Build. 49 (2012)

69–77 . 
[21] M. Santamouris , Cooling the cities – a review of reflective and green roof mit-

igation technologies to fight heat island and improve comfort in urban envi-

ronments, Sol. Energy 103 (2014) 682–703 . 
22] M. Santamouris , On the energy impact of urban heat island and global warm-

ing on buildings, Energy Build. 82 (2014) 100–113 . 
23] M. Santamouris , N. Papanikolaou , I. Livada , I. Koronakis , C. Georgakis , A. Ar-

giriou , D. Assimakopoulos , On the impact of urban climate on the energy con-
sumption of buildings, Sol. Energy 70 (2001) 201–216 . 

http://dx.doi.org/10.13039/100000001
http://dx.doi.org/10.13039/100000146
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0001
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0001
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0001
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0001
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0001
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0002
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0002
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0002
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0003
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0003
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0003
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0004
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0004
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0004
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0004
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0005
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0005
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0005
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0005
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0005
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0006
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0006
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0006
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0006
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0006
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0006
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0006
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0006
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0006
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0006
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0006
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0007
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0008
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0008
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0008
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0008
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0008
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0008
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0008
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0009
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0009
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0009
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0009
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0009
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0009
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0010
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0010
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0010
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0010
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0010
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0011
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0011
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0012
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0012
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0012
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0012
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0012
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0012
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0013
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0013
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0013
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0014
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0014
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0014
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0014
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0014
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0014
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0014
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0015
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0015
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0015
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0015
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0015
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0016
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0016
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0016
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0016
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0016
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0017
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0017
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0017
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0018
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0018
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0018
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0018
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0019
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0019
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0019
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0019
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0019
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0019
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0019
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0019
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0020
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0020
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0020
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0020
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0020
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0020
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0021
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0021
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0022
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0022
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0023
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0023
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0023
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0023
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0023
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0023
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0023
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0023


A. Baniassadi et al. / Energy & Buildings 178 (2018) 71–83 83 

[  

 

[  

 

[  

 

 

[  

[  

 

[  

 

 

 

24] A. Scherba , D.J. Sailor , T.N. Rosenstiel , C.C. Wamser , Modeling impacts of roof
reflectivity, integrated photovoltaic panels and green roof systems on sensible

heat flux into the urban environment, Build. Environ. 46 (2011) 2542–2551 . 
25] J. Sproul , M.P. Wan , B.H. Mandel , A.H. Rosenfeld , Economic comparison of

white, green, and black flat roofs in the United States, Energy Build. 71 (2014)
20–27 . 

26] H. Suehrcke , E.L. Peterson , N. Selby , Effect of roof solar reflectance on the
building heat gain in a hot climate, Energy Build. 40 (2008) 2224–2235 . 

[27] A. Synnefa , M. Santamouris , H. Akbari , Estimating the effect of using cool coat-

ings on energy loads and thermal comfort in residential buildings in various
climatic conditions, Energy Build. 39 (2007) 1167–1174 . 
28] S. Wilcox , W. Marion , Users Manual for TMY3 Data Sets (Revised), National
Renewable Energy Lab.(NREL), Golden, CO (United States), 2008 . 

29] N. Yamamoto , D. Shendell , A. Winer , J. Zhang , Residential air exchange rates
in three major US metropolitan areas: results from the relationship among in-

door, outdoor, and personal air study 1999–2001, Indoor Air 20 (2010) 85–90 . 
30] J. Zhang , K. Zhang , J. Liu , G. Ban-Weiss , Revisiting the climate impacts of cool

roofs around the globe using an Earth system model, Environ. Res. Lett. 11
(2016) 084014 . 

[31] M. Zinzi , S. Agnoli , Cool and green roofs. An energy and comfort comparison

between passive cooling and mitigation urban heat island techniques for resi-
dential buildings in the Mediterranean region, Energy Build. 55 (2012) 66–76 . 

http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0024
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0024
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0024
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0024
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0024
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0025
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0025
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0025
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0025
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0025
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0026
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0026
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0026
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0026
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0027
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0027
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0027
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0027
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0028
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0028
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0028
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0029
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0029
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0029
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0029
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0029
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0030
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0030
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0030
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0030
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0030
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0031
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0031
http://refhub.elsevier.com/S0378-7788(18)32143-1/sbref0031

	Direct and indirect effects of high-albedo roofs on energy consumption and thermal comfort of residential buildings
	1 Introduction
	2 Methods
	2.1 EnergyPlus
	2.2 Climate data and study regions
	2.3 Archetype building

	3 Sensitivity analysis
	4 Results and discussion
	4.1 Effects on cooling energy demand
	4.2 Effects on indoor thermal comfort
	4.3 Improvement potential in low-performance buildings

	5 Conclusion
	 Conflict of interest statement
	 Declarations of interest
	 Acknowledgments
	 References


