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Les systèmes de drainage durable (SuDS) ont traditionnellement été conçus en fonction de quatre piliers de conception : la biodiversité, l'agrément, la quantité d'eau et la qualité de l'eau. Cependant, de nouvelles lignes de recherche ont émergé, qui explorent de nouvelles approches de la conception et de l'utilisation des SuDS. Parmi ces nouvelles approches de recherche, la conception énergétique est l'une des plus pertinentes. Cette recherche a non seulement l'intention de fournir un contexte théorique, basé sur des recherches antérieures, mais s'efforce également de combler le vide dans la littérature détectée sur la conception énergétique des SuDS. A cette fin, une méthodologie pour la détermination des propriétés thermiques des différents SuDS est fournie, validant ces résultats par l'utilisation de la modélisation numérique. En outre, cette recherche tente d'évaluer la conception énergétique des SuDS du point de vue de la réduction des émissions de gaz à effet de serre. Dans ce but, une analyse du cycle de vie de différents systèmes d'évacuation des eaux usées a été réalisée, en comparant les effets sur les émissions de gaz à effet de serre produites par les systèmes d'évacuation des eaux usées lorsque la conception énergétique est prise en compte et un second scénario dans lequel cet aspect de la conception n'est pas pris en compte. Cette recherche vise également à mettre l'accent sur la conception énergétique dans les systèmes d'évacuation des eaux usées, de sorte qu'elle soit incluse comme un cinquième pilier potentiel de la conception, fournissant une philosophie de conception holistique dans les systèmes d'évacuation des eaux usées.

INTRODUCTION

Sustainable Drainage Systems (SuDS) are a set of drainage techniques, encompassed within wider frameworks such as Green Infrastructure (GI) or nature-based solutions (NBS). The development, study and implementation of these techniques have developed significantly, as they provide continuity to the natural water cycle, minimising the water-related problems of flooding and run-off pollution [START_REF] Fletcher | SUDS, LID, BMPs, WSUD and more -The evolution and application of terminology surrounding urban drainage[END_REF]. The United Nations has set sustainable water management as one of its goals, (United Nations, 2015) based upon the aforementioned identified problems, being SuDS suggested as a way forward to reduce their impacts.

The SuDS design criteria are grouped into four main pillars: amenity, biodiversity, water quantity and water quality [START_REF] Woods-Ballard | The SuDS Manual[END_REF]. Not only do the design criteria for SuDS cluster around these four pillars, but most research also does so, looking at one or more of these aspects. Nevertheless, there is research that attempts to explore other aspects in more detail, intending to provide holistic design approaches. One of these innovative proposals to SuDS design is based on the energy use of SuDS. By analysing both the thermal benefits that SuDS can offer to existing civil works infrastructures, and the energy production that can be obtained by combining SuDS with energy production technologies, the following research was undertaken [START_REF] Charlesworth | Renewable energy combined with sustainable drainage: Ground source heat and pervious paving[END_REF][START_REF] Faraj-Lloyd | Sustainable Drainage Systems and Energy: Generation and Reduction[END_REF], setting the path for further development.

This research is furthering the quest to optimise the space available in cities, creating multifunctional surfaces, and aligning itself with the development of the water-energy nexus [START_REF] Charlesworth | Renewable energy combined with sustainable drainage: Ground source heat and pervious paving[END_REF]. In addition, developments have been carried out based on the geothermal exploitation of permeable pavements, carrying out laboratory and field research, obtaining excellent results [START_REF] Tota-Maharaj | Geothermal Paving Systems for Urban Runoff Treatment and Renewable Energy Efficiency[END_REF]. The geothermal use has also been validated in other types of SuDS such as green swales [START_REF] Rey-Mahía | Evaluating the Thermal Performance of Wet Swales Housing Ground Source Heat Pump Elements through Laboratory Modelling[END_REF].

The present research aims to explore this combination of stormwater and energy technologies at a higher level of detail, applying it to vegetation-based SUDS such as green roofs and green swales. In this way, the mechanisms of heat transmission inside these SuDS will be studied, as well as their hydrological behaviour, identifying the most optimal designs in terms of the layers and materials to be used in their construction. The impact on the carbon footprint of SuDS designed under energy considerations will also be assessed. This research is part of a doctoral thesis, representing the first attempt in the scientific literature about SuDS, providing knowledge on the combined thermal-hydrological aspect of vegetated-based SuDS.

MATERIALS AND METHODS

This section is divided into two main areas. On the one hand, the study of the energy design and its validation dealing with the thermal properties of SuDS' materials and layers. On the other hand, a second sub-section provides information on the methodology proposed for the conceptual model including carbon footprint analysis of SuDS during their life cycle assessment.

ENERGY DESIGN AND VALIDATION

When designing SuDS in combination with surface geothermal elements, it is necessary to consider the thermal properties of the materials utilised in SuDS and their combinations in the different layers, with the aim of maximizing the coefficient of performance of a heat pump (COP). Furthermore, when some types of SuDS are combined with geothermal elements, such as green and blue roofs, it is important to take into account the thermal performance of the materials that compose them, as it is very interesting to consider the thermal insulation that provide to the building envelope in which they are located.

Therefore, this research not only aims to highlight the thermal aspect of SuDS, but also to provide an experimental test methodology, based on the use of standardised equipment (ASTM International, 2019) for the determination of the thermal properties in SuDS. For this purpose, laboratory tests have been carried out using a climatic chamber and a calibrated hot box (see Figure 1).

The experiment consisted of passing through the cross-section of the SuDS studied with a stabilised heat flow. The test was started at 20°C, until reaching a temperature above 50°C, maintaining this value until stabilisation. From the data obtained, and after applying Fourier's Law, it was possible to determine the thermal transmittance and equivalent thermal conductivity of the sections studied.

These tests allowed to obtain the thermal properties of the complete section of a SuDS, both under wet and dry conditions. With this, different SuDS cross-sections have been studied, composed of different types of materials, thus defining the most efficient cross-sections from a thermal point of view. This provides a design tool capable of establishing criteria from the energy design point of view. Tests were carried out on roofs and green swales, studying the effect of different materials and analysing the implications on the thermal properties of SuDS´ sections. The results were used to validate numerical models carried out with ANSYS Workbench software, which were used to simulate the thermal behaviour of the SuDS under different operating conditions.

LIFE CYCLE ENERGY DESIGN IMPLICATIONS

In addition to the benefits discussed above, the energy design of SuDS allows for a reduction in the carbon footprint. In this way, the energy design of SuDS can provide a negative carbon balance. This would imply that over the lifetime of operation of a SuDS technique, it would contribute to the absorption and the consequent reduction of the carbon footprint of the drainage system.

With this goal, the most commonly used SuDS described in Jato-Espino et al. ( 2018) were studied, assessing the carbon footprint estimated at all stages of their operational life (see Figure 2). Two analyses were carried out, taking into account the energy design and not giving consideration to that new pillar, observing the differences between these two scenarios.

Figure 2. Conceptual model for carbon footprint analysis at all stages of the SuDS life cycle.

INITIAL AND EXPECTED RESULTS FROM THE PROJECT

ENERGY DESIGN

Tests on blue roofs show how the correct energy design of SuDS provides a considerable improvement in the thermal properties of the building envelope. In these tests, it was observed that by taking into account the 5 th Design Pillar, improvements in the thermal conductivity of the roof of the order of 64% were obtained in dry test and 27% in wet test.

On the other hand, preliminary tests carried out on green swales, with the aim of combining them with surface geothermal elements, and designed taking into account the 5 th Pillar, have shown equivalent thermal conductivity values in the order of 0.15 W/mK. These values improve the thermal properties of a natural land [START_REF] Sivaprasad | Comparative assessment of transient-and steady-state soil thermal conductivity using a specially designed consolidometer[END_REF].

LIFE CYCLE ENERGY DESIGN IMPLICATIONS

The energy design of SuDS is expected to improve the carbon footprint in SuDS during their life cycle. In this stage of the research, it is predictable that SuDS designed taking in account Pillar 5 th can deliver a negative emissions balance. The carbon emissions emitted in all phases of the life cycle of the SuDS studied will be quantified, whilst general and specific criteria and indicators will be established so that an analysis tool could be developed and utilised in future studies.

CONCLUSIONS

This research aims to highlight the need to consider a 5 th pillar for SuDS design. To this end, an innovative methodology is provided for a better understanding of the energy design of SuDS and its implications on SuDS´ Life Cycle Assessment will be evaluated. This research might represent a paradigm shift for SuDS design with energy design at its core.

As future steps, field tests will be carried out, so that the SuDS studied are designed following the proposed methodology, evaluating its performance considering the 5 th design pillars and its carbon footprint during their entire life cycle.

Figure 1 .

 1 Figure 1. Experimental set-up (1 -test-box, 2 -Hot-Box, 3 -sensors, 4 -TRSYS equipment, 5 -data acquisition, 6 -climate generator equipment).
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