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1. Introduction 

In recent years, global warming has become a more serious problem, and it is now an urgent priority to reduce 

energy consumption and CO2 emissions. In particular, energy consumption for cooling buildings in the summer 

continues to grow every year, and thus, reductions in the cooling demand for residential and living spaces 

represent a potentially important countermeasure to global warming. Moreover, efficient cooling technology will be 

critically important in the years ahead given that increases in air temperature due to urbanization (i.e., the urban 

heat island phenomenon) can contribute to losses of comfort in urban spaces and further increase cooling 

demands (Ichinose, 2005; Ichinose, 2008; Hirano and Fujita, 2012). 

 

Rooftop greening is one measure that can be used to improve the urban thermal environment. Although 

vegetation is known to be effective for reducing temperatures via evapotranspiration processes, there is only 

limited room for large ground-greening projects in urban areas. This has lead to the increased popularity of rooftop 

greening projects. 

 

Many previous studies have been conducted on rooftop greening to evaluate its effectiveness at mitigating the 

thermal environment, and several of these studies were based on urban-scale meteorological simulations. In 

particular, simulations linking local weather and air-conditioning load calculations have been conducted, as well as 

evaluations of heat island mitigation and reductions in cooling energy consumption due to rooftop greening 

(Tanimoto et al., 2004; Kikegawa et al., 2006). 

 

However, in cases of those simulation-based evaluations at the district scale, surface wetness was 

parameterized as fixed values (e.g., evaporation efficiency, vegetation community conductance) and calculations 

were performed without considering the amount of water used. If watering is performed to maintain rooftop 

greening, then attention must be paid to the fact that other environmental loads arise because of factors such as 

powering pumps. Therefore, when conducting future evaluations of the effects of thermal environment mitigation 

in connection with rooftop greening, it will be necessary to accumulate detailed data on the surface heat balance, 

surface temperature, and the supplied amount of water. 

 

The objective of this research was to evaluate the effectiveness of rooftop greening in urban districts for the 

purpose of heat island mitigation and CO2 emission reductions, and the analyses were based on simulations of the 

urban thermal environment in Tokyo, Japan. In particular, we calculated the amount of evapotranspiration from the 

latent heat flux and evaluated CO2 emission reductions by taking into account the amount of water and needed for 

watering. 

 

2. Calculation conditions 

In this research, we used a coupled urban-canopy and building-energy model (Kikegawa et al., 2003; Kondo et 

al., 2005; Kikegawa et al., 2006; Ohashi et al., 2007). In this model, a vertical one-dimensional local 

meteorological model is coupled with an air-conditioning load calculation model for buildings, and this makes it 

possible to forecast the heat load of buildings in a district, energy consumption due to air-conditioning, and 

temperature variation. 

 

We set the rooftop greening assumptions to three levels of 0%, 50%, and 100% (i.e., a no-greening case, a 50% 

greening case, and a 100% greening case, respectively). The evaporation efficiency at the rooftop greening 

surface was set to 0.2 according to observations by Hirano and Ichinose (2006). Calculation conditions for 

buildings such as the wall surface structure, heat source equipment composition, air-conditioning operation 

schedule, bodily heat production pattern, and heat production pattern by equipment other than air-conditioning 

were all set to the same values used for a typical office district in Kikegawa et al. (2006). 
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The days subject to calculation were August 8-10, 2002, which was a period of continuous fair summer weather 

in Tokyo. Of these days, the results from the third day of study were used for the evaluation, whereas the data for 

the first two days provided a time period for preliminary calculations to be run. 

 

3. Evaluation of the heat island mitigation effect 

Fig. 1 shows the rooftop surface temperatures calculated under the aforementioned calculation conditions for 

the no-greening case and 100% greening case. For comparison, the average air temperatures for three cases at 

the rooftop level were also added to the illustration. Fig. 1 shows that a temperature difference of approximately 

10°C occurs during the day between the vegetated surface and the concrete surface; hence, there is a major 

surface temperature reduction effect due to rooftop greening. At night, the temperature of the concrete surface 

always exceeded the air temperature, except for a very short period in the early morning. Conversely, the 

vegetation surface consistently had a lower temperature than the air temperature, and this is thought to be due to 

differences in the radiative cooling effect and the amount of heat accumulated during the day. 

 

Fig. 2 shows the air temperature 3 m above the 

ground and at the rooftop level for each case, as 

well as the differences between each greening 

case and the no-greening case. These results 

show that a greater temperature reduction effect 

occurs with the 100% greening case than with the 

50% greening case. In regards to vertical 

directions, the temperature reduction effect was 

almost the same at the rooftop level and 3 m 

above the ground in all cases. In this research, 

since we assumed the introduction of greening 

only on rooftops, it is conjectured that there is 

roughly uniform diffusion in the vertical direction 

in the urban canopy. However, the temperature 

reduction effect was a maximum of 0.13°C during 

the day, even in the case with 100% greening, 

and this was relatively small compared to the total 

variation range of air temperature. 

 

4. Evaluation of the CO2 reduction 
effect 

We evaluated the CO2 reduction effect 

due to rooftop greening. Fig. 3 shows the 

CO2 emissions associated with cooling 

energy consumption in each case, as well 

as the differences between the cases 

(each greening case versus the 

no-greening case). This figure shows that 

there was a peak in CO2 emissions and a 

peak in CO2 reductions due to greening at 

the start of operations in the morning when 

the cooling load was high. In terms of daily 

cumulative values, the CO2 reduction 

effect was 2.93 kg-CO2/day in the 100% 

greening case and 1.47 kg-CO2/day in the 

50% greening case. However, since the 

cases calculated here assume greening 

only of the rooftops on six-floor buildings, 

the CO2 reduction effect for the entire 

building was only 1.4% in the case of 

100% greening. 

 

Fig. 1 Surface temperature of concrete and vegetation on 
a rooftop. 
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Fig. 2 (top) Temperature in each case scenario, and (bottom) the 
temperature differences for those cases (i.e., each case with 

greening - each case without greening). 
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Next, we calculated CO2 emissions 

for watering when the entire amount of 

water needed for evapotranspiration 

was supplied with tap water (Fig. 4). 

The amount of water needed for 

evapotranspiration was calculated from 

the latent heat flux, which in turn was 

obtained from the results of calculating 

the roof surface heat balance. In this 

research, the subjects of the 

calculations were the CO2 emissions 

from the powering pumps that are used 

to lift water to the rooftop and the CO2 

emissions from the water services that 

are needed for the supply of tap water. 

Pump power was calculated by setting 

the pump efficiency to 0.6 and the 

rooftop height was used as the lifting 

height. For the water services, the 

calculation was done with CO2 

emissions of 0.193 kg-CO2/m
3
 for tasks 

such as water purification, delivery, and 

distribution. Fig. 4 shows that CO2 

emissions from the powering pumps 

were 0.038 kg-CO2/day in the 100% 

greening case and 0.020 kg-CO2/day in 

the 50% greening case. CO2 emissions 

from the water services used were 0.21 

kg-CO2/day in the 100% greening case 

and 0.11 kg-CO2/day in the 50% 

greening case. 

 

These figures are about 8-9% of the 

CO2 reduction effect for cooling due to 

rooftop greening (lower graph in Fig. 3), 

and thus, under the calculation 

conditions in this research, the CO2 

reduction effect can be obtained using 

rooftop greening even when taking into 

account CO2 emissions due to watering. 

 

5. Evaluations under various calculation conditions 

The relationships between evapotranspiration, the heat island mitigation effect, and the CO2 reduction effect 

were examined based on the results in the previous section. We adopted the calculation conditions considered in 

the previous section as standard conditions here. In addition, the heat insulation performance of the roof and 

evaporation efficiency at the rooftop greening area were selected as parameters likely to have a large effect on the 

results, and then, an investigation was carried out in the same way using calculation conditions in which each 

parameter was varied (high insulation condition and low evaporation efficiency condition, respectively). 

 

For the high insulation condition, the rooftop insulation material was assumed to be equivalent to the 

energy-saving standard, just like the high insulation cases in Kikegawa et al. (2006). In addition, just like in 

standard conditions, rooftop greening was varied between 0%, 50%, and 100%. In this research, only rooftops 

were changed, and values other than rooftop insulation performance were all set to be the same as standard 

conditions. For the low evaporation efficiency condition, evaporation efficiency at greening areas, which was set to 

0.20 in standard conditions, was changed in steps in the range of 0-0.2 without changing the green coverage ratio. 

In this calculation, settings other than evaporation efficiency were all set to be the same as the 100% greening 

case under standard conditions. 

 

Fig. 5 shows the relationship between evapotranspiration and the temperature reduction effect, and Fig. 6 

shows the CO2 reduction effect under the various calculation conditions. Differences between the greening cases 

 

Fig. 3 (top) CO2 emissions in each case scenario, and (bottom) the 
emission differences for those cases (i.e., each case with greening - 

each case without greening). 
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Fig. 4 CO2 emissions due to watering in each case scenario. 
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and the no-greening case were graphed for the standard 

condition and the high insulation condition. For the low 

evaporation efficiency condition, a graph was plotted of 

the differences for calculation results in the case when 

the evaporation efficiency was 0. Fig. 5 shows that, 

regarding the temperature reduction effect, the 

differences were small under the three calculation 

conditions and the data roughly formed a straight line. It 

is likely that the temperature reduction effect in response 

to evapotranspiration depends almost entirely on the field 

of atmospheric diffusion. Fig. 6 shows the net CO2 

reduction when taking into account both the reduction in 

cooling energy and CO2 emissions due to watering. This 

figure indicates that there were no large differences 

between the standard condition and low evaporation 

efficiency condition. For the high insulation condition, the 

CO2 reduction effect in response to evapotranspiration 

was about half that of the other conditions. Thus, the 

effectiveness of rooftop greening strongly depends on 

building structure and insulation performance. 

 

6. Conclusion 

This research evaluated the effectiveness of rooftop 

greening for mitigating urban heat island conditions and 

reducing CO2 emissions while taking into account the 

amount of water needed for evapotranspiration. CO2 

emissions should be decreased with rooftop greening 

because there will be less of a need for cooling energy. In 

this research, a coupled urban-canopy and 

building-energy model was used to carry out simulations. 

The main results of this research were as follows. 

 

(1) The heat island mitigation effect of rooftop greening 

was evaluated. The results showed that, under the 

calculation conditions of this research, the maximum 

temperature reduction in the case of large-scale adoption 

of rooftop greening was about 0.13°C. The relationship 

between this temperature reduction effect and 

evapotranspiration was also clarified. 

 

(2) The CO2 reduction effect of rooftop greening was 

evaluated. In particular, this evaluation was carried out by 

taking into account both the CO2 reductions that resulted from the decreases in surface temperatures and cooling 

energy and the CO2 emissions associated with watering. The data showed that the former was clearly greater in 

terms of direct effects. Thus, a CO2 reduction effect can be achieved in buildings where rooftop greening is 

adopted. 

 

(3) In addition to the standard conditions assumed in the above research, calculations were also conducted for 

variations in the roof insulation performance and evaporation efficiency of the rooftop greening area. The findings 

showed that the effectiveness of rooftop greening at mitigating heat island effects and reducing CO2 emissions 

strongly depends on building structure and insulation performance. 

 

One future research direction should be to incorporate a detailed water balance model that takes into account 

precipitation and the water retention effectiveness of the soil layer. In many previous simulation models of urban 

thermal environments, surface wetness has been parameterized as a constant value and simulations have been 

carried out by assuming that evaporation continues indefinitely in accordance with weather conditions. However, 

in a relatively closed environment such as a building rooftop, the amount of evapotranspiration strongly depends 

on water supplied through watering and precipitation. Therefore, more accurate results could be obtained by 

conducting a more detailed evaluation that takes into account the water balance of rooftop greening areas by 

incorporating precipitation and water retention effectiveness into the thermal environment simulation model. 

 

 

Fig. 6 Relationship between the amount of watering 
and CO2 reductions. 
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Fig. 5 Relationship between the amount of 
evapotranspiration and the temperature reduction 

effect. 

 

T
e

m
p

e
ra

tu
re

 r
e

d
u

c
ti
o

n
 [
o
C
]

蒸発散量 [mm/日]

●：Standard conditions 

■： High insulation condition 

◆： Low evaporation efficiency condition

0.0 0.5 1.0 1.5
-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.0

Amount of evapotranspiration [mm/day] 

http://www.meteo.fr/icuc9/


ICUC9 - 9
th

 International Conference on Urban Climate jointly with 12
th

 Symposium on the Urban Environment  
 

Acknowledgment 

We thank Dr. Yukihiro Kikegawa (Meisei University) and Dr. Tomohiko Ihara (The University of Tokyo) for 

helpful discussions and comments. This research was supported by the Environment Research and Technology 

Development Fund (2RF-1303) of the Ministry of the Environment, Japan. 

 

References  

Hirano Y., Fujita T., 2012: Evaluation of the impact of the urban heat island on residential and commercial energy consumption 
in Tokyo, Energy, 37, 371-383. 

Hirano Y., Ichinose T. 2006: Observation and characterization of the surface heat budget on a rooftop planted with sedum, 
Environmental Engineering Research, 43, 661-672. (in Japanese) 

Ichinose T., 2005: Recent counteractions for urban heat island in regional autonomies in Japan. In: Feng H, Yu L, Solecki W, 
editors. Urban dimensions of environmental change -science, exposures, policies and technologies, Science Press, 
161-167. 

Ichinose T., Matsumoto F., Kataoka K., 2008: Counteracting urban heat islands in Japan. In: Droege P, Editor. Urban energy 
transition -from fossil fuels to renewable power-, Elsevier, 365-380. 

Kikegawa Y., Genchi Y., Kondo H., Hanaki K., 2006: Impacts of city-block-scale countermeasures against urban heat-island 
phenomena upon a building's energy-consumption for air-conditioning, Applied Energy, 83, 649-668. 

Kikegawa Y., Genchi Y., Yoshikado H., Kondo H., 2003: Development of a numerical simulation system toward comprehensive 
assessments of urban warming countermeasures including their impacts upon the urban buildings' energy-demands, 
Applied Energy, 76, 449-466. 

Kondo H., Genchi Y., Kikegawa Y., Ohashi Y., Yoshikado H., Komiyama H., 2005: Development of a multi-layer urban canopy 
model for the analysis of energy consumption in a big city: structure of the urban canopy model and its basic performance, 
Boundary-Layer Meteor., 116, 395-421. 

Ohashi Y., Genchi Y., Kikegawa Y., Kondo H., Yoshikado H., Hirano Y., 2007: Influence of air-conditioning waste heat on air 
temperature in Tokyo office areas during summer :numerical experiments using an urban canopy model coupled with a 
building energy model,  J. Appl. Meteor. Climatol., 46, 66-81. 

Tanimoto J., Hagishima A., Chimklai P., 2004: An approach for coupled simulation of building thermal effects and urban 
climatology, Energy and Buildings, 36, 781-793. 

http://www.meteo.fr/icuc9/

