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Abstract

:

Vertical greenery systems (VGS) are promoted as a nature-based solution to mitigate the urban heat island effect. In order to ensure the long-term provision of this function, sufficiently available irrigation water is the key element. Currently, potable water is one of the main resources for irrigation of VGS. While rainwater is often mentioned as an alternative, only a few studies investigate the actual application of rainwater for irrigation. In this study a conceptual model is developed to present the processes and influencing factors for a holistic investigation of rainwater use for irrigation. In this model, five sub-modules are identified: the atmospheric, hydraulic, quality, rainwater harvesting and VGS sub-module. The conceptual model depicts which processes and influencing factors are involved in the water demand of VGS. Thus, the conceptual model supports a holistic understanding of the interrelations between the identified sub-modules and their relevance for VGS irrigation with harvested rainwater. The results of this study support the implementation of rainwater harvesting as a sustainable resource for VGS irrigation.
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1. Introduction


The shift from grey to green infrastructure using nature-based solutions (NbS) to address the urban challenges of the 21st century is ongoing. Changes in precipitation patterns and volumes pressure the static piped drainage systems and increases the risk of flooding [1]. Urbanization and the sealing of surfaces continuously add to this issue and act as amplifiers. In addition, sealed areas increase the urban heat island (UHI) effect, which influences the health of the inhabitants and is proven to cause fatalities [2,3].



The implementation of NbS is restricted by the available space at ground level. Therefore, the implementation of green roofs and vertical greenery systems (VGS) on the building envelope has proven to be a practical measure [4,5]. As the facade of a building has an overall higher area compared to the roof, VGS are identified of having a high potential for UHI mitigation and building energy saving [6,7,8,9,10].



While the energy saving capabilities can be accounted for the shade effect, as well as the insulation and wind blocking due to structure and vegetation, only the cooling effect is directly related to the available water for plant transpiration [11,12]. Currently, one of the main resources of irrigation water is potable water. This is a comfortable practice based on an existing infrastructure which adds to the problem of resource depletion. While potable water is transported towards the cities, rainwater and wastewater are discharged and leaves the city. Within a shift towards a circular economy in the water sector [13,14], the practices are slowly changing. For wastewater reuse, greywater, which excludes the wastewater from toilets, is mainly part of research studies using VGS for treatment [15,16,17,18]. Shi et al. [19] recommend the use of rainwater instead of potable water to cover green space water demand. Depending on the scale, rainwater harvesting can include only the roof area as well as the road run-off for bigger applications [20]. While the use of rainwater is already applied for green roofs [21,22,23], studies investigating rainwater use for VGS are scarce [24] or combined with greywater use to overcome long dry periods and secures the water supply for the vegetation [25].



In order to provide the needed actual water demand for a certain plant species, several factors must be recognized. Based on the season and the exposition of the VGS, radiation intensity and air temperature can be different. The used plant growing media (PGM), including both soil substrates and alternative growing media (e.g., felt systems), is also influenced by these atmospheric conditions. For rainwater harvesting, the run-off area and its properties are of importance in influencing the tank size and material. Depending on the accumulated pollutants, treatment might be necessary.



The aim of this paper is to establish a holistic understanding of the processes involved when using rainwater only irrigation for VGS. Currently, these processes and their influencing factors on one another are not fully depicted in literature. Therefore, a conceptual model is developed. The results of this paper fosters the understanding of the interplay between VGS, rainwater harvesting (RWH) and the urban surrounding as an interdisciplinary matter. Thus, the conceptual model helps to promote an integrative approach when planning RWH as a sustainable resource for the irrigation of VGS.




2. Materials and Methods


The development of the conceptual model was performed in the following three steps.



2.1. Step 1—Identification of Processes and Influencing Factors for Irrigation of VGS


A literature research was conducted to identify the processes and influencing factors involved to describe the irrigation of VGS with rainwater. Processes are hydrological processes and can be of a physical or chemical nature. Influencing factors are characteristics of the sub-modules, which have an influence on the conditions in other sub-modules.



The literature research was carried out in the Scopus and Web of Science electronic databases. The search terms were chosen to identify the papers published on different types of VGS. The search string used to search within the title, abstract and keywords of papers are listed as follows: “green AND wall* OR living AND wall* OR green AND fa?ades*”. The results were limited to review papers to obtain an overview of the state-of-the-art in the research field. Afterwards, the remaining publications (excluding abstract and references) were searched for keywords to extract information about the involved processes and influencing factors. The following keywords were chosen: “water”, “irrigation”, “UHI” and “cooling”. Results from this keyword search in the review papers were identified as relevant if the content was related to the water use of VGS or the water provision by RWH system. Lastly, knowledge gaps in the review papers were identified and filled with literature from other disciplines, mainly from research on green roofs and RWH. These papers were also searched for the above-mentioned keywords to organize the content and their contributions to the conceptual model.




2.2. Step 2—Definition of Sub-Modules


Identified processes and influencing factors were assigned to a class according to their position in the water pathway from rainfall to irrigation of VGS. A pre-classification was performed with “atmospheric processes”, “rainwater harvesting” and “VGS irrigation”. Subsequently, classes (later called sub-modules) containing a lot of information were further divided to allow more detail. Specifically, the sub-module “rainwater harvesting” was further divided into the sub-modules “hydraulic”, “quality” and “RWH”. This process resulted in a total of five sub-modules in the conceptual model: tmosphere, hydraulic, quality, RWH and VGS.




2.3. Step 3—Definition of Boundary Conditions


After the conceptual model was developed, the boundary conditions were defined. The boundary conditions for the calculation of water demand are described for the two main VGS types: Living walls and green facades, based on the nomenclature presented by Bustami et al. (2018) [26]. Living walls are greenery systems, where plants are grown in planter boxes directly attached to the facade and are not reliant on rooting space on the ground. Green facades are greenery systems, which are grown on the building facade. Green facades can be planted in soil or in planter boxes and therefore rely on ground space [26]. Based on the design characteristics of the VGS types (arrangement of the modules, presence of drainage openings and overflow possibilities), the potential hydrological processes are identified to calculate the water demand for each VGS type.





3. Results


3.1. Involved Processes and Influencing Factors for Irrigation of VGS


The conceptual model is based on available literature on VGS and their water demand. The results of the literature research (as of 19 January 2021) provided 12 review papers. The thorough content search with the keywords showed that the keyword “water” covers “stormwater”, “rainwater” and “water demand”. From those 12 papers, six papers not containing the above-mentioned keyword relevant for VGS were removed. The remaining six papers were used to identify the relevant processes and influencing factors of VGS water demand and irrigation with rainwater run-off (Table 1). From those six review papers, 52 cited papers were identified for the keywords “water”, “irrigation”, “UHI” and “cooling” out of which 24 provided relevant information for the model development (Table 1).



In concluding the literature research, the importance of adequate irrigation of VGS is generally acknowledged. However, little focus is placed on studying the actual water demand of VGS and the processes involved. Additionally, the supply of VGS with rainwater is often mentioned as a sustainable alternative to potable water, but the practical details of such systems (run-off areas, quality and technical design) are not well studied. Therefore, additional literature on the specifications and quality aspects of RWH systems [36,37] were added to the list of review papers.




3.2. Conceptual Model


The developed conceptual model comprises of five sub-modules (Figure 1). These sub-modules describe the influence of the atmosphere, the hydraulic characteristics, the run-off quality, the RWH system and the VGS on the irrigation of VGS with rainwater run-off.



Figure 1 illustrates the detailed interaction of processes and influencing factors between the five sub-modules. The general pathway of water can be described as follows. Precipitation is formed in the atmosphere (sub-module 1). Rainwater is falling on the surface area, forms run-off (sub-module 2) and washes off pollutants from the surfaces defining the treatment requirements (sub-module 3). The run-off is stored in a tank and further distributed (sub-module 4) to the VGS for irrigation (sub-module 5).



Next to the water pathway, influencing factors between the sub-modules are identified. In sub-module 1, the weather influences the pollution load in the quality sub-module. Furthermore, air temperature, radiation intensity, precipitation and wind are influencing the water demand of the VGS (sub-module 5) and the quality of stored run-off (sub-module 4). The built environment and surface type in sub-module 2 influence the quality of the run-off (sub-module 3) and the possible positions of the RWH and VGS (sub-module 4 and 5). Furthermore, the built environment influences atmospheric conditions such as radiation intensity or wind situation (sub-module 1). The chosen treatment of the collected run-off in sub-module 3 influences the total run-off yield in sub-module 4. In sub-module 4, the chosen storage tank material, design and position influences the quality of the collected run-off (sub-module 3). Furthermore, the tank position influences the possibility of run-off areas (sub-module 2) in the vicinity of the RWH system. Sub-module 5 influences the dimensioning of the storage tank (sub-module 4) and the required water quality for irrigation (sub-module 3).




3.3. Description of Sub-Modules


In the following chapters, the processes and influencing factors of each of the five sub-modules will be discussed in detail. An overview is presented in Table 2.



3.3.1. Sub-Module 1: Atmosphere


The atmospheric sub-module contains data on radiation intensity, air temperature, wind, precipitation and the weather condition, which, taken together, influences other sub-modules. In urban environments, plant growth in VGS is challenged by drastically changing atmospheric conditions regarding the incoming radiation, prevailing wind, air temperature conditions, precipitation patterns and generally the weather conditions (see Figure 1) [5,30].



Precipitation is one of the main influencing factors in the atmospheric sub-module. Spatial and temporal variations of precipitation dictate the available rainwater run-off from the chosen run-off surfaces and subsequently the storage calculation is presented in the RWH sub-module [37,38]. Precipitation data are suggested to be collected from daily datasets, as bigger time steps might neglect dry periods or extreme storm events [39]. Depending on the VGS design and exposition, precipitation can fall directly on the PGM as well, resulting in an increase in the soil moisture state in the PGM [40]. This change in the soil moisture state is considered in the antecedent precipitation index used in the VGS sub-module to calculate evapotranspiration from the VGS [41].



Wind conditions are influenced by the local weather, climate conditions and the urban environment. Buildings can create strong local winds around tall buildings, challenging plant growth in VGS [5,39,42]. Wind speed and direction influence PGM humidity, water vapor pressure deficits and the plant’s transpiration rate, which influences the evapotranspiration rate and the water demand of VGS [5,39,43,44,45,46]. Furthermore, wind stress can harm plants mechanically. Therefore, wind conditions have to be considered when choosing plant species for VGS [39]. However, current literature lacks peer-reviewed studies on the effect of wind on the performance of VGS [5].



Radiation intensity is a driving force for evapotranspiration [44,47,48] and subsequently an influencing factor for VGS water demand [49]. Radiation intensity is influenced by the location and the exposition of the VGS. In urban environments, radiation intensity can be reduced through casted shadows and increased through reflections by surrounding buildings [5,39,50]. The radiation intensity at a location might also vary between the lower and upper parts of the VGS, influencing the plant choice depending on their light requirements [39]. However, no studies have examined the influence of radiation intensity on the VGS performance in an urban environment in detail [5].



Increased air temperatures results in rising water vapor pressure deficits, which further enables an increase in evapotranspiration from VGS and thereby their water demand [47,49,51]. Increased air temperature can negatively influence plant health and root development [5,52]. Furthermore, air temperature influences the conditions in the RWH tank. High air temperatures can result in quality degradations in the tank due to bacterial growth. Low air temperatures can result in the freezing of the collected water with possible damages to the RWH infrastructure and problems of water provision during winter [53,54].



Furthermore, humidity influences the transpiration rate of plants. Low levels of relative humidity decreases transpiration as plants protect themselves from drying out. On the contrary, high levels of humidity increases transpiration [55].



The weather situation, with long drought periods or extreme storm events, influences the quality of the run-off collected. Drought periods foster the accumulation of pollutants on the surfaces, which will be washed off by the first flush of the next rain event [37].




3.3.2. Sub-Module 2: Hydraulic


In the hydraulic module, run-off formation is the prevailing process. Influencing factors include the run-off area, the run-off coefficient, the surface type and the built environment, which influences other sub-modules of the conceptual model (see Figure 1).



The run-off area is the chosen area where run-off is formed and from which run-off can be collected in the RWH system. The choice of the run-off surface area is dependent on the water demand for irrigation of the VGS [38,56].



In many cases, only run-off collection from roofs is considered [36,37,57]. In order to increase yield, surface areas such as streets, pavements and courtyards should be included [20]. The main factor for the available run-off yield is the surface roughness and its inclination. The surface material, the use of the surface and the rainfall distribution influences the initial abstraction and the quality of the collected run-off. The initial abstraction is the rainfall stored on the run-off surface and is subsequently evaporated [56,57,58].



The run-off coefficient (RC) defines the share of rainwater that contributes to run-off and is used to calculate the run-off yield from the chosen run-off area. The RC is distinct for each surface type depending on the surface material and the slope. Typical values are 0.89 for an asphalt road, > 0.9 for sloping smooth roofs and 0.62 for flat rough roofs [56,57]. The use of a constant RC is widespread in RWH calculation. However, recent studies have questioned this approach as results have shown a dependency of RC on rainfall intensity [58].



The run-off yield will change with surface choice, run-off area and precipitation height. The run-off yield is used for the dimensioning of the RWH tank and is calculated with the simplified rational method [38,56] described as follows:


Yt = A × ht × RC × η



(1)




where Yt is the run-off yield per day (L3·T−1), A is the run-off area (L2), ht is the precipitation height per day (L·T−1), RC is the run-off coefficient (-) and η is the hydraulic treatment efficiency coefficient (-).



The hydraulic treatment efficiency coefficient describes the ratio of outgoing treated water to the incoming collected water. The coefficient is usually specified by the manufacturer. If no values are given, 0.9 can be used for the calculation [38].




3.3.3. Sub-Module 3: Quality


Pollutant absorption is the main process in the quality sub-module. The pollutant load and the treatment chosen for the prevailing run-off quality are influencing factors (see Figure 1).



In the urban environment, several different types of pollutants can be identified. Main sources are atmospheric pollution, animal waste, road traffic, pavement weathering and erosion, drain gates corrosion, public works, debris and others [36,57]. The quality of surface run-off should always be evaluated individually for the local conditions of the chosen areas. Potential pollutants from street and roof run-off are heavy metals, suspended solids, organic carbon, bacteria and chlorides [20]. Especially critical are emerging pollutants from urban run-offs. These include pesticides (used for gardening or on building materials), hydrocarbons such as polycyclic aromatic hydrocarbons (from oil spills, fuel, vehicle emissions, etc.), alkylphenols (from road and building material run-off), phthalates (majorly from traffic surfaces), per-fluorinated and polyfluorinated alkyl substances (from street and roof run-off) and polychlorinated biphenyls (from lubricants, hydraulic oils and house facades) [59].



The extent of the pollution is influenced by the characteristics and use of the surfaces and the weather conditions. Long periods of drought result in an increased accumulation of pollutants [37]. Generally, pollution load is dependent on the extent of use, so run-off from traffic surfaces is more polluted than from roof surfaces. Therefore, more polluted areas are not considered when speaking of RWH [20,36,37,57].



In order to remove the pollutants from run-off, treatment is necessary. The treatment of the collected run-off must be chosen based on the run-off quality and the required quality for irrigation, which are influenced by factors from the VGS and the RWH system. In the VGS, plant and PGM choice can allow the utilization of different pollutant loads in the irrigation water [60]. Still, a higher effort for planning and design of VGS would be required to integrate the run-off treatment in VGS, whereas a combination of pre-treatment and VGS is less complex [61]. Furthermore, water quality will deteriorate during storage, which is why long periods of storage should already be considered within the treatment requirements [37].



The treatment usually consists of a pre-treatment prior to storage but can also include an additional treatment after storage. Coarse filtration is used as a pre-treatment to remove large solids and to reduce the accumulation of organic matter in the storage tank [36]. First flush diversion is installed to divert the initial run-off volumes to the sewer to prevent the high pollution concentrations to be collected in the storage tank [36,37]. Additional treatment such as filtration or disinfection can be added to reduce risk for run-off reuse [36]. The choice of treatment influences the total run-off yield from the run-off areas (Equation (1)) with the hydraulic treatment efficiency coefficient η specified by the manufacturer [38].




3.3.4. Sub-Module 4: Rainwater Harvesting


The main processes in the RWH sub-module are run-off storage and redistribution. The choice of the tank material, the sizing, the design and the position of the tank, as well as the conveyance system influences other sub-modules in the conceptual model (see Figure 1).



A RWH system consists of a storage tank and a conveyance system for the collection and further redistribution of the collected rainwater run-off [37]. Characteristics of the storage tank include the size, the material, the tank design and the position. The design of the storage tank influences the quality and quantity of the storage rainwater. Studies have shown quality differences between tanks with covers or screens and tightly seals tanks. Depending on its position, the inlet design also affects water quality since re-suspension in the tank can occur. Additionally, pollutants tend to settle at the bottom of the tank, which is why the position of the withdrawal tap should be carefully considered. The material of a tank can deteriorate the quality of the stored water, although the impact has shown to be less pronounced than that of the run-off surfaces [36].



The main influencing factors to respect within the RWH sub-module are the irrigation demands from the VGS sub-module as well as the precipitation pattern from the atmospheric sub-module. The task of the storage tank is to act as a buffer between those two modules. Due to the unpredictable and changing precipitation pattern, the time scale is important. Two approaches for determining the size of the storage tank are presented further.



In a basic approach, the storage sizing is only based on the mean daily water demand, calculated from the yearly irrigation water demand and the expected dry period in days. The storage volume is calculated as [38] follows:


Vr = It × dd



(2)




where Vr is the rainwater volume in the storage tank (L3), It is the irrigation water demand per day (L3·T−1) and dd is the chosen dry period (T). For Germany, a reference value of 21 days can be used.



A second more detailed approach uses daily data and an algorithm to calculate the storage size to respect irregularities in irrigation demand and yield. An input–output simulation is used to calculate the overflow and required backup water for the system. The optimal storage size is then chosen by the planer, which balances the optimal tank size between backup and overflow [38]. The following describes the calculation:


Sr,t = min {It; Vr,t−1}



(3)






Vr,t = min {(Vr,t−1 + Yt − Sr,t); (V − Sr,t)}



(4)




where Sr,t is the abstraction from the tank per day (L3·T−1), It is the irrigation water demand per day (L3·T−1), Vr,t is the rainwater volume in the storage tank per day (L3), Yt is the run-off yield per day (L3·T−1), V is the useable volume of the tank (L3) and t is the index for time.



In order to find the optimal tank size, the coverage rate is calculated for a range of storage volumes in the following:


Cr (V) = (∑t Sr,t)/(∑t It)



(5)




where Cr(V) is the coverage rate for a selected storage volume (-), Sr,t is the abstraction from the tank (L3·T−1), It is the irrigation water demand per day (L3·T−1) and t is the index for time.



The coverage rate is plotted against the storage volume. The resulting curve helps to determine the optimal storage volume, which should ideally cover 100% of the water demand of the VGS.



The position of the RWH system is dependent on the built environment of the chosen run-off areas. Generally, storage tanks can be implemented above-ground or underground, resulting in different costs as well as operation and maintenance requirements [37]. For low density areas, a RWH system at building scale is recommended. The recommended storage types include a RWH tank distributed over the roof or an underground tank. For an area with high density, the position of the RWH system is suggested to either be at building scale or at block scale. A block tank is either located in the courtyard or in the cellar of one of the adjoining buildings [62].



Depending on the positioning of the tank, different parts of the conveyance system need to be included. For simple systems collecting only roof run-off, rain gutters will be sufficient [37], especially for ground based green facades. There, gravity driven irrigation is highly recommended. For bigger systems as well as systems collecting street run-off, pumps have to be included to convey the water to the VGS [20].




3.3.5. Sub-Module 5: Vertical Greenery System


The prevailing processes in the VGS sub-module are evapotranspiration (ET), drainage and overflow, all of which changes the soil water content in the VGS. The influencing factors in this module include the vegetation, the PGM, the design of the plant containers and the irrigation system [31].



Figure 2 shows the hydrological processes in the VGS sub-module in detail. Irrigation water from the RWH sub-module reaches the PGM surface and infiltrates into deeper layers. This process holds true when using either above-ground drip irrigation or subsurface irrigation pipes. When using soak irrigation, the irrigation water is added to an impoundment at the bottom of the VGS module. In this case, the water raises from the impoundment and is distributed by soil water fluxes [63]. When infiltrated from above, soil water fluxes are also predominant in further distributing the irrigation water. Depending on the design of the VGS, used access water will leave the VGS and either percolate into deeper soil layers or drain out of the system. Access water can also be fetched and transported back into the storage tank. When using fertigation, a combination of irrigation and fertilization [26] drainage water should not be recycled due to remaining nutrients. For systems with an impounded layer, water is stored at the bottom of the system within the PGM. From this storage, water can rise in the PGM by capillary forces and plant roots. Stored water in the upper layer and rainwater intercepted by the plant is prone to evaporation. In the cases where irrigation water cannot sufficiently infiltrate or the PGM is saturated, overflow from the VGS module occurs. The overflow is either drains back into the storage tank for reuse or is directed to the sewer system.



The density of the plant canopy determines its ability to reflect, absorb and transmit radiation. This ability varies between species and their characteristics with respect to age, water content, leaf thickness, surface texture and orientation. All of these factors influence the vegetation’s transpiration activity and thereby the water demand [5,8,11,26,30,44,55,64,65,66,67]. The choice of plant species for VGS must be based on the local environment by considering climate, built environment and the surrounding conditions of the VGS. Depending on the VGS type, climbing plants, shrubs, grasses, perennials and succulents are used [31]. Furthermore, the plant choice—between deciduous and evergreen—influences the ET potential throughout the year and consequently the water demand [11,68].



The properties of the PGM are important for plant health, root growth, water and pollutant retention capacity. Based on the specific soil hydraulic properties, e.g., residual and saturated water content, hydraulic conductivity, water capacity and air capacity as well the capillary rise, the plant water uptake is supported [30,44,49,64]. In order to ensure an efficient water uptake of the plants from the PGM, focus should be placed on providing an adequate ratio of pore space available for air and water in the PGM. This ration depends on the particle size distribution, the composition, the bulk density and the aging of the PGM. The particle size distribution defines the share of coarse and fine particles in the PGM and thereby the water retention curve. Coarse particles increase the number of pores available for air; however, they decrease the water retention capacity of the PGM. In contrast, PGM with a high share of fine particles enable a low availability of air in the PGM and decreases drainage [5,52]. The particle size distribution further influences capillary rise in the PGM. Capillary rise is important to provide an even distribution of irrigation water in the PGM [49,69]. The bulk density is the weight per volume of a PGM and represents an indicator of compaction. A combination of physical handling, particle size distribution, container design and time results in compaction in the PGM. The bulk density increases and results in decreased air pore space and consequently poor root and plant development. Lastly, the age of a PGM influences the physical characteristics over time, which is why PGM components with a high stability over time have to be chosen [5,52]. For systems using alternative PGM (geotextiles, etc.), the main processes and the equations of the irrigation water demand calculation do not change. However, specific parameters of the PGM need to be individually determined.



Theoretically, the plants can take up water when the water content is between FC and the permanent wilting point (PWP). Practically, the plant water uptake is already reduced before the water content at the PWP is reached. This threshold soil water volume is defined as the readily available water [70] and the water volume in a VGS module at this threshold is calculated as follows:


VRAW = p × (θFC − θPWP) × Vs



(6)




where VRAW is the readily available water volume (L3), p is the average fraction which can be depleted before plant moisture stress (-) (ranges from 0.3 to 0.7, but can be set to a value of 0.5 for many crops [70]), θFC is the water content at field capacity (-), θPWP is the water content at the permanent wilting point (-) and Vs is the PGM volume (L3).



The water volume in the PGM can be calculated as follows:


Vm,t = Vm,t−1 + ∆t × (Qoverflow m−1,t + Qd m−1,t − ETm,t − Qd m,t − Qoverflow m,t)



(7)




where m is the index for the module, t is the index for time, Vm,t is the water volume in the PGM (L3·T−1), Qoverflow m,t is the overflow volume per day (L3·T−1), ETm,t is the evapotranspiration per day (L3·T−1) and Qd m,t is the drainage volume (L3·T−1).



Through ET from the PGM and the plants, water is leaving the VGS module, resulting in a reduction in the soil water content. In this paper, ET is calculated as an example based on the Priestley–Taylor equation and the antecedent precipitation index (API), but other approaches can also be used [41]. The API uses the daily irrigation depths for the last 28 days to take into account their influence on the current state of the soil moisture in the PGM [71]. Empirical values of the constants in the following equations are based on the cited literature. AET is calculated with the following formula [71,72]:


AET = 0.408 α [(∆/(∆ + γ)) × (Rn − G)]



(8)




where AET is the actual evapotranspiration flux (L·T), α is the reduction coefficient (-), ∆ is the slope of the saturation vapor pressure-temperature curve (M·L−1·T−2·θ−1), γ is the psychrometric constant (M·L−1·T−2·θ−1), Rn is the net radiation (M·T−3) and G is the soil heat-flux density at the soil surface (M·T−3).



The slope of the saturation vapor pressure-temperature is calculated as follows:


∆ = 4098 × [0.6108 exp (17.27 × Tmean/(Tmean + 237.3))]/(237.3 + Tmean)2



(9)




where ∆ is the slope of the saturation vapor pressure-temperature curve (M·L−1·T−2·θ−1) and Tmean is the average air temperature between maximum and minimum values (θ).



The coefficient α is calculated as follows:


if API ≤ 20 mm: α = 0.123 (API) − 0.0029 (API)2 − 0.0000056 (API)3

if API > 20 mm: α = 1.26



(10)




where API is the antecedent precipitation index (L) and α is the reduction coefficient (-).



The API is calculated as [71] follows:


APIt = ∑d = 1→28 (Kd−1 × It-d)



(11)




where API is the antecedent precipitation index (L), t is the index for time (T), d is the index for the values 1 to 28 (T), K is the dimensionless recession constant set to 0.9 (-) and It is the irrigation water demand per day (L3·T−1).



The total ET is calculated as follows:


ET = AET × Ag



(12)




where AET is the actual evapotranspiration flux (L·T) and Ag is the greened area (L2).



Furthermore, overflow from VGS occurs if the water volume in the module exceeds the maximum volume containable in the PGM. Overflow is calculated as [73] follows:


if Vm,t ≤ Vmax: Qoverflow m,t = 0

if Vm,t > Vmax: Qoverflow m,t = Vm,t − Vmax



(13)




where m is the index for the module, t is the index for time, Vm,t is the water volume in the PGM (L3·T−1), Qoverflow m,t is the overflow volume per day (L3·T−1) and Vmax is the maximum water volume that can be retained in the VGS (L3).



The design of the plant containers include the position and dimensions of an impoundment for water storage and of the drainage opening, both of which further determines the amount of drainage from the VGS [74].



Drainage from the VGS module is induced by gravity and reduces the water content in the PGM. The excess drainage water can be reused for irrigation if the system design (recirculation system intended) and the quality of the drainage water (deterioration of water quality due to fertilization residues) allows for it [31,37].



In this paper, drainage is calculated using the drainage rate and the area of the drainage opening. Drainage only begins when the water volume in the module exceeds the water volume at field capacity (FC) and the soil cannot hold additional water. Drainage volume is affected by ET and PGM moisture levels [64]. Drainage is calculated as follows [74]:


if Vm,t ≤ VFC: Qd m,t = 0

if Vm,t > VFC: Qd m,t = Ad × de = Ad × ((θt − θFC) × (1 − e(−∆t/tt)) × n/∆t)



(14)




where m is the index for the module, t is the index for time, Vm,t is the water volume in the PGM (L3·T−1), VFC is the water volume at field capacity (L3), Qd m,t is the drainage volume (L3·T−1), de is the drainage rate (L·T−1), Ad is the area of the drainage opening (L2), θt is the water content (-), θFC is the water content at field capacity (-), tt is the travel time of water through the module/layer (T), n is the thickness of the module/layer (L) and e is Euler’s number and equals to approximately 2.718.



The water volume VFC can be calculated with the following equation:


VFC = θFC × Vs



(15)




where θFC is the water content at field capacity (-) and Vs is the PGM volume (L3).



The travel time tt can be written as the following:


tt = (θt − θFC)/kunsat × n



(16)




where θt is the water content (-), θFC is the water content at field capacity (-), kunsat is the unsaturated hydraulic conductivity in the module (L·T−1) and n is the thickness of the module/layer (L). The unsaturated hydraulic conductivity can be calculated according to the formula used by Herrera et al. [74].



Optimal irrigation should ensure that the water volume remains in the PGM between VRAW and VFC (Equation (15)). The amount of optimal irrigation can be calculated as the following:


if Vm,t > VRAW: It = 0

if Vm,t ≤ VRAW: It = ∑m=1→M (VFC − Vm,t)/∆t



(17)




where m is the index for the module, t is the index for time, Vm,t is the water volume in the PGM (L3·T−1), VRAW is the readily available water volume (L3), It is the irrigation water demand per day (L3·T−1), VFC is the water volume at field capacity (L3) and M is the total number of VGS modules (-).



With the above-mentioned formulas, the irrigation water demand of VGS can be calculated. This irrigation water demand influences the choice of storage size in the RWH sub-module. The quality of the irrigation water should conform to non-potable quality guidelines [36,37]. The quality requirements are dependent on the plant and PGM choice in the VGS.





3.4. Boundary Conditions


The boundary conditions describe the differences in the water demand calculation for the two main VGS types: living walls and green facades. Due to the system design, the input and output parameters for Equation (7) vary for the two types.



The water volume in the PGM of living walls VLWS m,t is increased by overflow and drainage from previous modules and decreased by ET, drainage and overflow as described as follows:


VLWS m,t = Vm,t−1 + ∆t × (Qoverflow m−1,t + Qd m−1,t − ETm,t − Qd m,t − Qoverflow m,t



(18)




where m is the index for the module, t is the index for time, VLWS m,t is the water volume in the PGM of living walls (L3·T−1), Qoverflow m,t is the overflow volume per day (L3·T−1), Qd m,t is the drainage volume (L3·T−1) and ETm,t is the evapotranspiration per day (L3·T−1).



In contrast, green facades do not receive water from drainage or overflow from previous modules. Therefore, the water volume in the PGM of green facades VGF m,t is decreased by ET, drainage and overflow as described as follows:


VGF m,t = Vm,t−1 − ∆t × (ETm,t + Qd m,t + Qoverflow m,t)



(19)




where m is the index for the module, t is the index for time, VGF m,t is the water volume in the PGM of green facades (L3·T−1), ETm,t is the evapotranspiration per day (L3·T−1), Qd m,t is the drainage volume (L3·T−1) and Qoverflow m,t is the overflow volume per day (L3·T−1).





4. Discussion


A specific literature review on the use of rainwater for the irrigation of VGS was carried out. The results show that VGS are often promoted as an NbS for the provision of cooling and energy saving. However, the water and energy demand provided to these processes and the water resource are often neglected [5,67]. Therefore, this paper focused on the sustainable irrigation with rainwater. The results of the literature review are combined in a conceptual model, showing the main processes and influencing factors. Regarding the atmosphere and the VGS, processes influencing the water demand and water availability are known in literature [5,11,26,30,35]. However, knowledge gaps are identified regarding details of combining RWH and VGS irrigation.



The high potential of rainwater use is often mentioned in VGS literature. However, details on the practical implementation are often missing [26,33,75,76] and are only mentioned in a few studies [24,75,76]. In many cases, studies from the green roof community are used to support the feasibility of rainwater for VGS irrigation [5,30,33,77]. In the conceptual model presented in this paper, sub-module 5 represents the VGS and the processes and influencing factors involved in the formation of the VGS water demand. Here, the design of the plant container, the chosen vegetation, PGM and irrigation are influential. Compared to green roofs, their implementation differs for VGS. Therefore, the use of rainwater for irrigating VGS should not be based on to the irrigation of green roofs with rainwater.



Apart from an alternative irrigation resources, rainwater and VGS are often mentioned in the context of urban stormwater management. However, literature research has shown that the benefit of retaining stormwater in VGS is often based on the ability of green roofs to contribute to stormwater management and the assumption that the two systems behave in the same manner [5,30,78]. Few studies have investigated the potential of VGS to contribute to stormwater management [54,79]. Kew et al. [54] state in their publication that the contribution of VGS in stormwater management is based on the ability of the RWH system to temporarily store collected water. The role of VGS is to dispose the water. The conceptual model shows this interrelation between components in sub-module 4 and 5. Collected rainwater is stored in the RWH sub-module and diverted to the VGS for irrigation.



In sub-module 2, the processes and influencing factors of RWH are described. In order to achieve the highest possible run-off amount for later irrigation, rainwater run-off from roof and street areas are included. In the literature, run-off from street areas is often excluded due to an expected higher pollution [36,37]. However, Nolde et al. [20] have shown that both run-off areas can be successfully used for RWH. In the conceptual model, the pollution level is reflected in sub-module 3 (quality). There, the required treatment has to be chosen depending on the pollution level of the run-off. For future research, the authors suggest looking into the practical implementation of run-off from roof and street surfaces for irrigating VGS.



In order to ensure healthy plant growth and well-functioning of VGS, an understanding of the detailed processes in the VGS is important. However, based on the literature a lack research and knowledge regarding some of these processes and their interaction became evident. Therefore, the conceptual model provides an understanding of the involved processes and influencing factors in sub-module 5. The water demand of VGS is calculated exemplarily based on the optimal soil water content for plant growth. The relevant processes changing the soil water are identified to be evapotranspiration, drainage and overflow. However, studies have shown that precipitation can be intercepted on VGS leaves and PGM surfaces [40,80]. The results of the literature research suggest that the influence of interception on the VGS water demand is not well investigated. More research is needed to further develop the conceptual model and to include the process of interception. Furthermore, the validation of the water demand calculation requires investigation in future research projects.



As described in sub-module 5, the irrigation amount should be planned to produce no drainage to minimal drainage from the system. Still, a reuse of drainage water from VGS is described in the literature [31]. At the same time, some VGS are irrigated with nutrient enriched water, also called fertigation [8,26,31,49]. When planning a reuse of drainage water, the conceptual model shows that sub-module 4 (RWH) and 5 (VGS) must be considered. If nutrient enriched drainage water is redirected to the storage tank, water quality issues might arise [37].




5. Conclusions


The following conclusions can be drawn:




	
The irrigation of VGS with rainwater can be depicted by five sub-modules: the atmospheric, hydraulic, quality, RWH and VGS sub-module.



	
The conceptual model shows the main processes and influencing factors of these five sub-modules, which are relevant for a holistic understand of VGS irrigation with rainwater.



	
The optimal irrigation amount of VGS is dependent on the soil water content. If the soil water content drops below the readily available water, additional water input via irrigation is necessary.



	
The soil water content is changed by the inflows and outflows to the VGS, which are evapotranspiration, overflow from the system and drainage. These processes are altered by influencing factors from the other sub-modules.



	
Different designs of VGS result in changes of the inflows and outflows. For the calculation of the irrigation demand, the boundary conditions for each type must be considered.



	
The conceptual model helps to identify the available RWH potential and at what point another resource for irrigation will be needed to cover the actual VGS demand.








The conceptual model presented in this paper supports the development of solutions for sustainable irrigation practices. The use of rainwater for irrigation closes the local water cycle and reduces the depletion of potable water resources. This resource-oriented irrigation contributes towards circularity in urban water management. In order to achieve further advancements in this field, an understanding of the involved processes and of the interrelation between the system components is essential. It is therefore recommended that future projects consider the conceptual model presented here and how VGS interacts with RWH and their urban surrounding.







Author Contributions


Conceptualization, F.P. and I.Z.; methodology, F.P. and B.P.; data curation, F.P.; writing—original draft preparation, F.P. and B.P.; writing—review and editing, I.Z. and G.L.; supervision, U.P.; funding acquisition, U.P. and G.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the SUGI-FWE Nexus Joint Programming Initiative Urban Europe, grant number 16485002 of the project “Urban Vertical Greening 2.0: Vertical greening for livable cities—co-create innovation for the breakthrough of an old concept” for a duration of 3 years from April 2017 to October 2021. The authors are grateful for the support. The APC was paid by the COST Action CA17133 Circular City, supported by COST (European Cooperation in Science and Technology). www.cost.eu.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


Bernhard Pucher is part of the Doctoral School HR21 (BOKU) and their support is appreciated.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations










	A
	run-off area (L2)
	Qd m,t
	drainage volume (L3·T−1)



	α
	reduction coefficient (-)
	θFC
	water content at field capacity (-)



	Ad
	area of the drainage opening (L2)
	Qoverflow m,t
	overflow volume per day (L3·T−1)



	AET
	actual evapotranspiration flux (L·T)
	Qd m,t
	drainage volume (L3·T−1)



	Ag
	greened area (L2)
	θPWP
	water content at the permanent wilting point (-)



	API
	antecedent precipitation index (L)
	θt
	the water content (-)



	Cr(V)
	coverage rate for a selected storage volume (-)
	RC
	run-off coefficient (-)



	∆
	slope of the saturation vapour pressure-temperature curve (M·L−1·T−2·θ−1)
	Rn
	net radiation (M·T−3)



	d
	index for the values 1 to 28 (T)
	RWH
	rainwater harvesting



	dd
	dry period (T)
	Sr,t
	abstraction from the tank per day (L3·T−1)



	de
	drainage rate (L·T−1)
	t
	index for time (T)



	e
	Euler’s number
	Tmean
	average air temperature between maximum and minimum values (θ)



	ET
	evapotranspiration
	tt
	travel time of water through the module/layer (T)



	ETm,t
	evapotranspiration per day (L3·T−1)
	UHI
	urban heat island



	G
	soil heat-flux density at the soil surface (M·T−3)
	V
	useable volume of the tank (L3)



	ht
	precipitation height per day (L·T−1)
	VFC
	water volume at field capacity (L3)



	It
	irrigation water demand per day (L3·T−1)
	VGF m,t
	water volume in the PGM of green facades (L3·T−1)



	K
	dimensionless recession constant (-)
	VGS
	vertical greenery system



	kunsat
	unsaturated hydraulic conductivity in the module (L·T−1)
	VLWS m,t
	water volume in the PGM of living walls (L3·T−1)



	m
	index for the module
	Vm,t
	water volume in the PGM (L3·T−1)



	M
	total number of VGS modules (-)
	Vmax
	maximum water volume that can be retained in the VGS (L3)



	η
	hydraulic treatment efficiency coefficient (-)
	Vr,t
	rainwater volume in the storage tank per day (L3)



	n
	thickness of the module/layer (L)
	VRAW
	readily available water volume (L3)



	NbS
	nature-based solution
	Vs
	PGM volume (L3)



	p
	average fraction which can be depleted before plant moisture stress (-)
	Yt
	run-off yield per day (L3·T−1)



	PGM
	plant growing media
	γ
	psychrometric constant (M·L−1·T−2·θ−1)



	PWP
	permanent wilting point
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Figure 1. Sub-modules of the conceptual model describing the key factors for using rainwater run-off for irrigation of VGS. Each box represents a sub-module with the main module involved in hydrological processes in brackets. Straight arrows show water flow through the modules, while round arrows indicate influencing factors between the sub-modules. 
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Figure 2. Detail of the hydrological processes involved in sub-module 5 VGS and the connections to sub-module 1 and 4. Black arrows indicate water flow paths. Boxes represent features of VGS influencing the flow path of irrigation water. 
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Table 1. Overview of contributions related to the involved processes and influencing factors for irrigation of VGS with rainwater. Number of mentioned and relevant keywords in the review papers. Marked with a * if the review paper was excluded.
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Water

	
Irrigation

	
UHI

	
Cooling




	

	
Mentioned

	
Relevant

	
Mentioned

	
Relevant

	
Mentioned

	
Relevant

	
Mentioned

	
Relevant






	
[27] *

	
15

	
0

	
4

	
0

	
6

	
0

	
3

	
0




	
[26]

	
20

	
1

	
28

	
4

	
3

	
1

	
34

	
4




	
[28] *

	
24

	
0

	
2

	
0

	
0

	
0

	
0

	
0




	
[29] *

	
0

	
0

	
0

	
0

	
0

	
0

	
5

	
0




	
[30]

	
107

	
13

	
9

	
3

	
5

	
0

	
10

	
3




	
[5]

	
15

	
8

	
6

	
2

	
2

	
0

	
26

	
3




	
[31]

	
27

	
5

	
28

	
4

	
0

	
0

	
4

	
1




	
[32] *

	
16

	
0

	
0

	
0

	
0

	
0

	
26

	
0




	
[11]

	
14

	
4

	
2

	
1

	
2

	
0

	
58

	
7




	
[33]

	
38

	
7

	
4

	
0

	
2

	
0

	
39

	
0




	
[34] *

	
140

	
0

	
0

	
0

	
0

	
0

	
10

	
0




	
[35] *

	
15

	
0

	
0

	
0

	
0

	
0

	
12

	
0
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Table 2. Processes and influencing factors identified in the five sub-modules that are relevant for the irrigation of VGS with rainwater run-off.
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	1: Atmosphere
	2: Hydraulic
	3: Quality
	4: RWH
	5: VGS





	Processes
	Precipitation
	Run-off formation
	Pollutant absorption
	Run-off storage
	Evapotranspiration



	
	
	
	
	Run-off redistribution
	Drainage



	
	
	
	
	
	Overflow;



	Influencing factors
	Radiation intensity;
	Catchment area;
	Pollutant load;
	Tank size;
	Vegetation;



	
	Wind;
	Surface type;
	Run-off treatment.
	Tank material;
	PGM;



	
	Air temperature;
	Run-off coefficient;
	
	Tank position;
	Plant containers;



	
	Weather.
	Built environment.
	
	Tank design;
	Irrigation system;



	
	
	
	
	Conveyance system.
	Quality requirements.
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