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Highlights 
• Sophisticated test rigs for the water management of extensive green roofs are presented . 
• Active run-off regulation can improve water retention of extensive green roofs significantly. 
• Retention elements can completely prevent run-off even at extremely heavy rainfall events. 

 

Introduction 
Green roofs play an important role in urban water management and are a key element of climate change 
mitigation strategies in two respects: Once they should enhance resilience of cities against urban floods and 
second cool them by evapotranspiration. However, these two objectives are somehow conflicting, because 
high evapotranspiration requires adequate moisture of the vegetation layer, which reduces water retention 
capacity of the green roof (Kaiser et al., 2019). Furthermore, most green roofs in central are thin-layer 
greenings with a drought-adapted Sedum vegetation. Indeed, during the last years, new plant communities 
with a maximum transpiration capacity were composed and various systems for better water retention 
were designed, However, to overcome the stormwater retention and evapotranspiration trade-off, these is 
not sufficient. Therefore, green roofs need to become smart (Kaiser et al., 2019). Thus, an IoT based water 
management system for extensive green roofs should be developed, which regulates irrigation and 
drainage of an extensive green roof with herbaceous perennial plants autonomously. The adaptive control 
algorithm uses data from various environmental sensors as well as data from the weather forecast and 
takes into account the available water resource (rain, tap or grey water). The aim of the research present 
here, are strategies to maximize water retention during extreme precipitation events. 
 

Methodology 
Test rig for simulation of precipitation events and measurement of run off 
Measures were done using medium scale green roof modules (7.8 m²) placed in a greenhouse. The modules 
are weighable and equipped with a rainfall simulator (intensity up to 120 mm² per hour) as well as various 
environmental sensors (air temperature and humidity, substrate moisture and temperature). The run-off is 
measured by alternating weighing of two collector bins (Figure 1). Four different types of green roof 
modules were constructed: The first one (A) is a simple extensive green roof system with a common 
drainage element and a simple filter fleece, a vegetation layer of 6 to 8 cm, no irrigation and planted with 
Sedum. The other three modules (B-D) are also extensive green roofs, but with a special irrigation fleece 
and a sub-surface irrigation with drip pipes. Furthermore, the vegetation layer is about 2 cm thicker and the 
vegetation consists of selected herbaceous perennial plants with high transpiration rates. The three 
modules differ among themselves in terms of the drainage and retention elements, respectively, as well as 
the regulation of the run off. The drainage element of modules B and C are the same as for module A. 
However, whereas run-off from module B, module C is equipped with an ultra-sonic sensor, which 
measures the water level in the drainage element and the vegetation layer, and further run-off can be 
regulated stepless by a throttle. The last module (D) is equipped with the same ultrasonic sensor and run-
off control, but instead of a drainage element, a 10 cm high retention element (water storage capacity of 
95 l per m²) is used. 
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Figure 1. Schematic representation of the medium scale green roof modules for simulation of precipitation events and 
measurement of run-off 
 
Experimental setup 
On all for green roof modules, rainfall events with the same intensity were simulated, whereby rainfall 
events were started at a comparable water content in the vegetation layer according to the moisture 
sensors. The duration of the rainfall events and thus the total amount of precipitation was set individually 
for each green roof module. If the water discharge was equivalent to the rainfall intensity (weight of the 
green roof module becomes stable), the experiment was stopped. For modules C and D the run-off was 
regulated according to the water level in the vegetation layer. For module C the starting point for opening 
the throttle was set at a water level of 50 % of the height of the vegetation layer, consequently the throttle 
opens proportional up to 75 % of the height of the vegetation layer. At this level, it was fully opened. For 
module D, the starting point was set to the height of the retention element and the ending point at 25 of 
the height of the vegetation layer. The weight of the green roof models and the collecting bins as well as 
the state of the magnetic valves was recorded every 30 seconds. From this data the cumulative 
precipitation and run-off was calculated. 
 

Results and discussion 
Figure 2 shows exemplary the water retention of the four green roof modules during an extreme rainfall 
event with an intensity of 60 l per m² and hour, which is an event with a recurrence time of 100 years for 
Germany (Junghänel et al., 2017). It can be seen, that for the two modules without active run off regulation 
already 15 to 20 minutes after start of the rainfall event water begins to drain from the green roof modules. 
During this time span precipitation was 17 l m-2, which is equivalent to 57 and 42 % of the water capacity of 
the vegetation layer in modules A and B, respectively. Subsequently, run off was almost the same as 
precipitation. Under consideration of a water content of the vegetation layer of about 50 and 60 % of total 
water capacity (according to the data of the moisture sensors), the time course of run-off is quite similar to 
data reported by Lee et al. (2013). The difference in moisture before the rainfall experiment between 
modules A and B explains the missing effect of height of the vegetation layer on time course of water 
discharge and also, that despite of the higher vegetation layer the total amount of water which was 
retained in the green roof was less in module B than in module A. This stresses the claim of Kaiser et al. 
(2019) that irrigation of green roofs should be stopped several days before the next rainfall event to 
maximize water retention. However, a far more effective way to increase water retention especially during 
short but intensive rainfalls (as they were simulated here) is the use of the vegetation layer as temporary 
buffer by an active regulation of the run off. As shown for module C about 55 l m-² can be retained 
completely in the vegetation layer, however after at most a few hours the throttle must be opened to 
discharge the water, otherwise plants would suffer from a lack of oxygen. As the system is quite easy - only 
a sensor to measure the water level in the vegetation layer and a throttle are needed – the approach might 
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even be suitable for retrofitting of existing green roofs. However, by far more effective is the use of 
retention elements: If the retention element is completely empty the entire system – retention element 
and vegetation layer as temporary buffer – could retain up to 100 l m-2 – and store the water as long as 
necessary. In the current simulation it was about one hour. A network of such retention roofs with an 
active run-off regulation combined with a local short-term precipitation forecast, e. g. the RADVOR data 
provided by Germany’ National Meteorological Service (DWD, 2021), might be an effective tool to avoid 
urban floods (Lohr et al., 21). 
 

 
Figure 2. Time course of water discharge from the for green roof modules A-D during a rainfall event of 60 l per m² and hour 
 

Conclusions and future work 
Contrary to the widespread opinion, common extensive green roofs are only suitable as tool to mitigate 
urban floods to a limited extent. However, by making them 'smart', link them together and connect them 
with environmental sensors and weather data, extensive green roofs were demonstrated being highly 
effective therefor. Future research should follow a holistic approach to develop adaptive and sensor-based 
systems for the water management on green roofs to optimize both water retention and cooling capacity. 
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