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Abstract 
This paper focuses on the potential of green roofs in stormwater management. Through their 
water retention capacity and to the evapotranspiration phenomena, green roofs are capable of 
improving urban drainage by reducing stormwater runoff. In this work, a green roof model able to 
simulate the complex hygrothermal behavior of green roofs, including coupled mechanisms of 
heat and mass transfer, is used to simulate the hydrological performance of non-tilted green 
roofs. 
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1 INTRODUCTION 

Green roofs have gradually become a solution to 
connect the city to the wildlife in the architecture of the 
20th century. With the introduction of light and resistant 
waterproofing membranes and lightweight mixes of 
substrates, extensive green roofs have experienced 
significant growth over the 1980s. In Germany, for 
example, 14% of flat roofs were vegetated with this 
technique [Castleton 2010]. Green roofs have 
considerable potential to reduce building energy 
consumption. Several studies show various benefits 
associated with the use of these bio-based 
architectural components in terms of thermal comfort 
and energy saving [Djedjig 2015; Jaffal 2012; Fioretti 
2010; Santamouris 2007], urban microclimate [Djedjig 
2013; Smith 2011; Ng 2012], stormwater management 
[Mentens 2006a; Czemiel 2010; Berndtsson 2009a], 
sound insulation [Van Renterghem 2009; Van 
Renterghem 2008] and psychological social aspects 
[Raffan 2002; White 2011; Van Den Berg 2007]. 
Furthermore, green roofs change the pollutants 
concentrations of water that seep in. According 
Berndtsson et al. [Berndtsson 2009b], the substrate 
used in intensive and extensive green roofs remove 
some pollutants as nitrates and heavy metals but 
release other pollutants such as phosphorus used in 
fertilizers. 

From hydrological point of view, green roofs increase 
the permeability of urban surfaces which help to 
reduce the risk of flooding. Thanks to their water 
storage capacity, vegetated roofs can significantly 
reduce runoff stormwater peaks. According to 

Mentens et al. [Mentens 2006], this runoff reduction 
reach 54%. This helps prevent water clogging of 
sewage systems. It is very useful to develop green wall 
models capable of predicting such experimental 
results. In this context, Palla et al.  [Palla 2009] applied 
a SWMS_2D model based on Richards’ law and the 
Van Genuchten–Mualem functions to simulate the 
variably saturated flow within the green roof system. 
The model was calibrated using rainfall– runoff events 
observed experimentally. Although this approach 
provides a detailed modeling of water transport 
phenomena in the substrate, it is limited as for global 
flows simulation over long periods, as for considering 
the role of vegetation and as for evapotranspiration 
modeling. Indeed, this approach does not take into 
account the heat transfer that affect at long-term water 
transfer notably through the evapotranspiration 
phenomena. 

Volder and Dvorak [Volder 2014] undertook an 
experimental approach to correlate the storm water 
retention efficiency of un-irrigated extensive green roof 
with event size (rainfall rate and duration), with water 
content and with the presence or not of vegetation. An 
earlier study [Ouldboukhitine 2012] has evaluated 
water loss by evapotranspiration by means of weighing 
vegetated modules placed outdoors, and comparing 
the measurements to the predictions of the Penman 
Monteith equation. The latter showed that the use of 
the Penman Monteith equation for green roofs led to 
overestimation of the evapotranspiration. 

In the following, we present a modeling approach to 
calculate the stormwater runoff rate (or Drainage 
D [kg.m-2.∆t-1]) on extensive green roof over long 
periods of simulation. This approach represents a 
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compromise between refine hydrological modeling 
approaches that not consider the coupling with heat 
transfer and the simply thermal modeling not 
considering the water transfer. 

2 GREEN ROOF MODEL 

2.1 Thermal model 

The model used in this paper has been mainly 
developed to simulate green roofs or green walls 
impacts on building thermal behavior [Djedjig 2012; 
Djedjig 2015]. Although this model deals with a more 
detailed heat transfer compared to water transfer, it 
should be useful in hydrological simulation on 
horizontal green roofs since it models quite good the 
evapotranspiration phenomena.  

The model is based on energy and water balances. 
The energy balances account for the radiative, the 
sensible and for the latent heat transfer on the foliage 
and through the substrate. The water balance takes 
into account the water intake related to precipitation or 
watering and water losses by evapotranspiration. 

The heat balances are written in the following form: 
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Where Rnf, Hf and Lf (all in W.m-2) are respectively the 
net radiative flux, the sensible heat flux and the latent 
heat flux on the foliage (see Fig. 1). Here (F) is the leaf 
area index, (df) is the mean leaf depth, (ρcp) is the 
volumetric heat capacity. Equation (9) expresses the 
1D heat diffusion through the substrate layer whose 
thermal conductivity (kωg) and volumetric thermal 
capacity (ρcp)ωg are depend on the volumetric water 
content of the substrate layer (ωg [kgw.m-3]). 

Rn=Rnf + Rng
H=Hf + Hg

L=Lf+ Lg= λE

 

Fig. 1: Modeled heat fluxes on green roofs 

To solve the PDE (9), the following boundary 
conditions are considered for the upper and the inner 
surfaces respectively: 
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Where Rng, Hg and Lg (all in W.m-2) are respectively 
the net radiative flux, the sensible heat flux and the 
latent heat flux on the substrate surface. Besides, the 
heat flux (φin) transferred to the building is considered 
when the green roof model is coupled to the building 
model. In this paper, we are only studding hydrological 
behavior of green roofs, for these purposes, this heat 
flux is set to zero (φin=0 W.m-1). In this way, we 
suppose that the building is perfectly insulated. 

The latent heat fluxes (Lf) and (Lg) used in equations 
(8) and (10) are calculated considering partial vapor 
deficit relative to the ambient air: 
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In these equations: pva is the vapor pressure in the 
ambient air, pvf,sat and pvg,sat are respectively the 
saturation pressure of water vapor at the foliage and at 
the substrate temperatures, ra that depend on the wind 
velocity represent the aerodynamic resistance to heat 
transfer, rs and rsub are the resistances to vapor 
diffusion that characterize the leaves and the substrate 
respectively. The two resistances rs and rsub depend on 
the water content ωg, they decrease as this one 
increase. 

For more detail about the calculation of the radiative, 
sensible and latent heat fluxes on the foliage and on 
the substrate (Rnf, Rng, Hf, Hg, Lf and Lg), see 
reference [Djedjig 2012].  

2.2 Hydrological model 

The heat balance equations presented above are 
coupled to the water balance on the roof since the heat 
fluxes related to plant transpiration (Lf) and to direct 
evaporation (Lg) depend on the water content (ωg) and 
also the thermophysical properties of the substrate. If 
not for other reason, it is crucial to simulate the water 
content evolution over time. That being said, it is 
always interesting to analyze the water balance in 
order to assess green roofs potential for stormwater 
management, especially when little or no literature 
model consider coupled heat and water transfers on 
green roofs. 

The green wall model used in this paper establishes a 
global water balance (Fig. 2) in which the water 
content (ωg), supposed spatially homogenous, is 
tracked over time depending on water supply 
(precipitation, irrigation) and water losses 
(evapotranspiration, drainage). The homogeneity 
assumption is justified for thin substrate layers as 
those of extensive green roofs. 

The water balance of a green roof is written as the 
following: 

g

gh P D E
t

ω∂
= − −

∂
 (14) 

Where (hg [m]) is the substrate layer depth, (P) the 
water supply (mainly rainfall), (D) the drainage and (E) 
the evapotranspiration. P, D and E are in [kg.m-2.s-1]. 
The evapotranspiration rate is calculated according to 
the latent plant transpiration and to the substrate 
evaporation rates as the following: 

( )f g vE L L l= +  (15) 

Where (lv) is the water latent heat of vaporization. 

The green roof model has been already validated 
through measurements carried out on extensive green 
roofs with real weather conditions [Djedjig 2012]. The 
issue was to compare numerical simulation to 
measurements for water content and temperature 
variations. In the referred publication, both precipitation 
and drainage rates were measured and used as input 
data in performed simulations. 

The current study deals with simulating the capability 
of a green wall to reduce storm water runoff. So, in this 
paper the drainage rate is not known a priori. 
Precisely, the objective now is to evaluate the drainage 
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after rainfall events accounting for water losses by 
evapotranspiration. 

Pc E

D
 

Fig. 2: Water balance on a waterproof and insulated 
non-tilted extensive green roof 

To ensure that the numerical code runs as normally as 
possible, the water content ωg was limited between 
two values ωg,min and ωg,max. While ωg,min is very close 
to zero, ωg,max is a substrate parameter that represent 
the maximum water retention. This parameter can be  
measured experimentally [Ouldboukhitine 2012]. Since 
the hydrological model considers a global water 
balance without drainage delay, numerically it is as if 
drainage can take place only if, simultaneously, it rains 
and the water content is maximal. Therefore, the 
drainage during one time step (k) of calculation can be 
deduced from equation (14) as follows (in kg.m-2): 
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3 RESULTS AND DISCUSSION 

The results presented in this paper use real weather 
data collected in May 2012 by a weather station 
located at the University of La Rochelle. These real 
weather data are used to simulate the hydrological 

behavior of a green roof characterized by the 
properties listed in Tab. 1. 

Tab. 1: Main structural and thermo-hydrological 
parameters of the studied green roof 

Fractional vegetation coverage σf = 1 

Leaf area index F = 4 

Leaf canopy height hf = 0.07 m 

Minimum leaf stomatal resistance rs,min = 200 s.m-1  

Maximum water content retention ωg,max = 260 kg.m-1 

Substrate solar reflectivity ρg = 0.2  

Substrate thermal conductivity kωg = [0.1,0.5] 

Substrate depth dg = 0.1 m 

The ideal is to compare the model results with 
experimental hydrological data. However, this does not 
prevent analyzing, as a first step in this article, the 
results of the proposed model according to the 
simulated hydrological behavior. 

The results of performed numerical simulation are 
presented on Fig. 3. This figure shows on its upper 
graph a summary of the meteorological data used in 
this paper including solar radiation on horizontal, 
ambient temperature, relative humidity, sky 
temperature and wind velocity. The red curve of the 
lower part of the figure show the rainfall (P) [mm.hr-1], 
the blue curve show the drainage rate (D) also in in 
[mm.hr-1] and the black one shows the water content 
variation. 

As can be seen on this figure, Simulation period, which 
correspond to three week of May 2012, was chosen 
because it alternates rainy and sunny days. In fact, the 
weather conditions of this period illustrate quite well 
the hydrological behavior of the proposed model. 

 

 

Fig. 3: Upper graph: Summery weather conditions measured on May 2012 and used in numerical simulations; 
Lower graph: Measured rainfall (P) and the time variation of the water content (ωg) and the drainage (D) obtained 

with initial (ωg) equal to (ωg,max) 
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4 CONCLUSION 

In this paper a thermos-hydrological model for green 
roofs was used to simulate the hydrological 
behavior of a hypothetical non-tilted extensive green 
roof submitted to real weather conditions in order to 
assess its stormwater runoff management. The 
model, presented as a compromise between purely 
hydrological or thermal models, has proved capable 
for simulating the green roofs hydrological behavior 
over long periods. The simulation results showed 
also that the drainage amount, although lowered by 
green roofs; it depends on the water retention 
capacity of the substrate, on the size, the duration 
but also on the frequency of rainfall events. The 
next step will be to compare the drainage amount 
prediction to experimental data carried out on real 
green roofs. 
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