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Abstract. To reach future climate targets, it is important to verify that
materials and technologies used for construction are sustainable and have a
minimal environmental impact. The goal of this project was to add a broad
life cycle perspective for quantifying energy and greenhouse gas emission,
from the upstream flow of the construction process and the operational phase
by including buildings and stormwater systems at a district level. The
hypothesis was that green roofs might have a higher impact on greenhouse
gas emissions as more material is needed compared to a standard roof. In
return, green roofs reduce and retain stormwater, which may reduce the risk
of hydraulic overloading in connected stormwater systems. This may lead to
reduced COz emission if an upgrade of existing systems is not necessary. To
evaluate this complex issue, a framework was developed combining
construction modelling, energy simulation, stormwater system modelling,
and life cycle assessment. The result of this theoretical study indicates that
green roofs reduce and retain stormwater but are in most cases not sufficient
to reduce the risk of hydraulic overloading in connected stormwater systems.
The results demonstrated that green roofs should be not solely implemented
to reduce and retain stormwater in the Nordic climate.

1 Introduction

To reach climate targets in the future, it is important to verify that materials and technologies
used for new constructions and renovations have a minimal environmental impact. Previous
research has shown that green roofs have the potential to counteract various problems that
arise in connection with urbanization. Well-functioning green roofs can contribute to a
reduction in stormwater volumes and flow peaks through increased evapotranspiration and
storage of water in the substrate and sluggish drainage on / in the substrate [1,2], improved
stormwater quality [3] better microclimate and air quality [4,5], improved indoor climate and
reduction in operational energy use [2,6].
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In addition, they can contribute to more aesthetically pleasing living and urban environments.
It has also been shown that green roofs can bind CO, in the substrate, the above plant biomass
and in the biomass underground [7]. For example, Li et al. [8] could see that the CO,
concentration decreased by up to 2% over a green roof compared to the surrounding area on
a typical sunny day in Hong Kong. Green roofs have the potential to reduce the hydraulic
load on the stormwater system compared to standard roofs. This is mainly due to reduced
stormwater runoff and reduced flow peaks through increased evapotranspiration and storage
of water in the substrate [9,10]. In the case of densifications of urban areas, therefore, the
need for increased stormwater conduit dimensions is reduced, and it may be possible to lay
smaller stormwater conduits for new developments. This is directly linked to a reduced
energy requirement and less material input that can be expressed as CO» savings.

2 Method

This research project is a collaboration of different research areas. The hypothesis during the
project was that increases in greenhouse gas emissions from green roofs due to increased
material use could be counteracted by avoiding upgrading existing stormwater systems due
to the potential of green roofs for reducing and retaining stormwater.

Figure 1 describes the different sub-studies conducted to investigate if the hypothesis is
true or false. Methods and results for the four sub-studies are described in chapter 3 under
the implementation of the process. The framework for sustainable design and the stormwater
model were developed parallel and were included in the optimisation study. The results of
the optimisation study led to the parameter study as shown in Figure 1.
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Figure 1: Study design of the project
3 Implementation of the process

3.1 Development of a framework for sustainable design

To support a comparison of green roofs and standard roofs, a framework for sustainable
design was developed that includes embodied energy and energy during the use phase. The
framework is based on previously presented frameworks, see Shadram et al. [11] and
Shadram & Mukkavaara, [12] where building information models (BIM models) are used
together with simulations and calculations to study the energy use during different phases of
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a building's life cycle. The framework consists of several components that are illustrated in
Figure 2 and further described below.
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Figure 2: Developed framework for sustainable design of green roofs and stormwater systems at a
district level
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1. A BIM model that contains the building's structure and geometry. The metadata stored
in the model describes component materials and component types.

2. A material and component database. This includes data on thermal performance and
embodied energy including CO, emissions. These data are collected from EPDs
(Environmental Product Declarations) or other suitable sources.

3. An energy simulation model. This uses data from the BIM model for the building's
envelope, zones, and general structure. To carry out an energy simulation, specific material
and component data, climate data, heating and ventilation systems also need to be defined.
The material and component database contributes data regarding thermal performance (e.g.
heat transfer coefficient or thermal conductivity) for the materials and component.

4. To calculate energy consumption during the use phase, dynamic energy simulation is
used in the framework. This energy simulation is performed on the defined energy model to
give an estimated energy use in the building over the desired time period (e.g. a calendar
year). The implementation of the energy simulation can be carried out with, for example,
IDA ICE or EnergyPlus.

5. To provide a basis for the calculation of embodied energy in the form of CO, emission,
it is required that the quantities of relevant materials and components in the building are
known. This constitutes deriving the weight, area or volume for each material and number of
components. These data can be produced by performing a quantity take-off based on the BIM
model; a standard workflow where support is integrated into common BIM software (e.g.
Autodesk Revit and Graphisoft ArchiCAD).

6. Based on the results from both the energy simulation and the quantity take-off, further
calculations can be performed to derive a solution's performance regarding embodied energy
and energy during the use phase. These results can then be used in the evaluation of each
solution.

7. The last step in the developed framework is to evaluate one or more solutions with
respect to their performance for embodied energy and operational energy with a life cycle
perspective. By presenting relevant data together with each solution, users are given an
opportunity to not only make trade-off assessments in different scenarios but also form an
understanding of the relationship between embodied energy and the energy during the use
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phase. There is also an opportunity here to break down the results and study how individual
building elements stand in relation to the whole building. An example of such an evaluation
is to apply the framework to the comparison between a building that has green roofs and the
same building with a standard roof. During the evaluation of the CO; emission, the results
can then be compared against each other, which can contribute to a better understanding of
the impact of material and component selection during the design process.

This framework has been applied on a passive house building up in the north of Sweden
Kiruna.

3.2 Page Stormwater model

A study was conducted to assess the potential effect of green roofs to reduce the hydraulic
loading on the stormwater systems. The study used a hydraulic model of a real stormwater
network, to perform theoretical analysis. Two different types of roofs have been tested for
two different climate conditions in Sweden. The study was performed with the MIKE
URBAN modelling software. The roofs in the model were modelled based on an existing
roof in Kiruna. One roof consists of a thicker sedum-herbs-grass roof with a thickness of
approximately 110-140 mm and the other was 40 mm thick. None of the roofs had any
technical constructions to delay the runoff, only water absorbing mats for vegetation.

Two different climates were simulated using precipitation and evaporation (estimated
based on temperature) using open data from the Swedish Meteorological and Hydrologic
Institute (SMHI). The climates used were for Kiruna in the north and Malmo in the south of
Sweden. Only summer periods were studied.

The main mechanisms for stormwater runoff reduction and detention considered are:

e Reduction in the total runoff due to wetting of the material. When the water
content in the soil is under the field capacity, there will be an additional loss for
saturating the material to make it drip through.

o  Slowing the runoff for more intense rains by detention. Green roof substrates are
quite permeable but for heavier rains it can be limiting and thus lead to
temporary storage in the pores.

First long-term simulations for the summer were performed and runoff was evaluated, for
different roofs and different climates. Furthermore, variations in the initial saturation of the
roofs were analysed. An increase in the connected impermeable surfaces by 10% and 40%
were simulated. Then design rains with a return time of 10 years were simulated with flooding
as a result (since the models were altered to be critical). Then the area of green roofs was
increased until the flooding vanished.

The results indicated that that the increase in impermeable surface cannot only be
compensated with green roofs to reduce the higher runoff volumes, since there is hard to find
enough roof area to compensate for the increased area of impermeable surfaces.

3.3 Optimization

In this sub-study, the earlier described stormwater model and the sustainable design
framework were merged. In this study, we changed the stormwater model from MIKE
URBAN to Storm Water Management Models (SWIMM) as this program can be used for
automated simulation and controlled from external process. Furthermore, CO: data for
conduits and construction work were included to expand the stormwater system. A multi-
objective optimization was carried out using the merged framework with an optimization
algorithm (stochastic population-based Genetic Algorithm, GA) to find the optimal
solution(s). The simulation and optimization were carried out with different scenarios and
different configurations, but no noticeable result of optimization could be found, even after
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increasing the extent of the optimization to evaluate tens of thousands of alternative solutions.
This concludes that the optimization set-up did not work for this case and a parameter study
was instead implemented in the next step.

3.4 Parameter study

For the implementation of the parameter study, several assumptions were made. Since it was
a matter of densifying areas with new construction, a maximum proportion of impervious
surfaces and a maximum quantity of roofs were needed. When it comes to the maximum
quantity of paved surfaces, this value was assumed to be 70% of the total area of a sub-
catchment area. This limit was set to enable the examination of a relatively large range of
densification. It was assumed that 50% of the impervious surfaces in the stormwater model
would consist of roofs.

To create different densification scenarios that would be run through the parameter study,
it was decided that densifications in steps of 100 m? roof area (corresponding to 200 m? of
impervious surfaces according to the assumptions above) would be used as intervals. This
step value was chosen to give an approximate representation of the roof surface of a detached
house and to provide sufficient resolution in the results.

The parameter study was carried out using the developed process described in Figure 3.
This process was carried out individually in the four sub-catchment areas, where both the
proportion of densification and the proportion of green roofs were varied. The total length
(measures in meters) of conduits that are assumed to be congested was used as an indicator
of stormwater management. If this indicator exceeded the value of the area's initial
conditions, it was assumed that the stormwater system does not meet the requirements set.
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Figure 3: Process of the parameter study for stormwater model

The results of the parameter study show that green roofs cannot fully compensate for the
effect that increased densification has on stormwater management in a sub-catchment area.
This applies to all densification scenarios and sub-catchment areas that were evaluated. A
certain reduction in the flooded length of the conduit can be found at a higher proportion of
green roofs in densification; however, this was not sufficient to compensate for the effects of
the increased impervious area. Furthermore, no significant difference could be observed
between the two green roof types in the parameter study.

What these results suggest is that green roofs themselves cannot fully compensate for the
increased requirement for stormwater management that results from densification with an
increased proportion of impervious surfaces. Dimensioning and design of the stormwater
system need to be carried out, which may mean that conduit sections need to be dimensioned
and existing conduits may need to be replaced.

4 Result and conclusions

The results of this study show that green roofs cannot solely compensate for increased runoff
volumes due to densification. This concludes that the comparison of greenhouse gas
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emissions for green roofs and stormwater systems at a district level, with a life cycle
perspective, is not possible under the used conditions. It should be always investigated to
what extent green roofs can reduce and retain stormwater runoff under the local climate
conditions. Furthermore, green roofs should be not solely implemented to reduce the
stormwater volumes in the Nordic climate. Green roofs should be implemented by
considering other sustainable benefits, such as urban air quality, water runoff quality,
reducing urban heat island effects, and preventing noise pollution.

Acknowledgements. This work was supported by the Swedish Energy Agency [grant
number 46829-1]

References

1. J. Mentens, D. Raes, M.Hermy ,Green roofs as a tool for solving the rainwater runoff
prob-lem in the urbanized 21st century?. Landscape and Urban Planning 77,.217-226
(2006).

2. R. Fioretti, A. Palla, LG. Lanza, P. Principi. Green roof energy and water related
performance in the Mediterranean climate. Building and Environment 45. 1890-1904
(2010)

3. J. C. Berndtsson, L. Bengtsson and K. Jinno, Runoff water quality from intensive and
extensive vegetated roofs, Ecological Engineering,35. 369-380 (2009).

4. J.Yang, Q. Yuand P. Gong, Quantifying air pollution removal by green roofs in
Chicago, Atmospheric Environment, 42. 7266-7273 (2008)

5. B. Doug, D. Banting, H. Doshi, J. Li, P. Missios, Report on the Environmental
Benefits and Costs of Green Roof Technology for the City of Toronto( 2005).

6. M. Santamouris, C. Pavlou, P. Doukas, G. Mihalakakou, A. Synnefa, A. Hatzibiros and
P. Patargias, Investigating and analysing the energy and environmental performance of
an experimental green roof system installed in a nursery school building in Athens,
Greece, Energy, 32, 1781-1788, (2007)

7. Whittinghill, D. Bradley Rowe, R. Schutzki, BM. Cregg, Quantifying carbon
sequestration of various green roof and ornamental landscape systems, Landscape and
Urban Planning, 123, 41-48 (2014)

8. J-F.Li, W.H. Onyx, Y.S.Wai, Li, J.M. Zhan, Y. Alexander Ho, L. James, E. Lam,

Effect of green roof on ambient CO2 concentration, Building and Environment, 45,
2644-2651, (2010)

9. R.P.A.Berntsson, SH.J. Smits, L. Schmitt, D.J. Slotboom, B. Poolman, A structural
classification of substrate-binding proteins,FEBS Letters, 584, 2606-2617 (2010)

10. M.E.Dietz, Low Impact Development Practices: A Review of Current Research and
Recommendations for Future Directions. Water Air Soil Pollut 186, 351-363 (2007).

11. F. Shadram, T. D. Johansson, W.Lu, J. Schade, T.Olofsson, An integrated BIM-based
framework for minimizing embodied energy during building design, Energy and
Buildings, 128, 592-604, (2016)

12. F. Shadram, J.Mukkavaara, An integrated BIM-based framework for the optimization
of the trade-off between embodied and operational energy, Energy and Buildings, 158,
1189-1205 (2018)



