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Abstract

:

The industrial sector’s water consumption is projected to increase by 400% by 2050, placing significant stress on freshwater reserves. To address this challenge, innovative solutions for water management are crucial. This paper proposes a comprehensive framework for Rainwater Harvesting (RWH) in industrial settings, offering a methodology to assess the potential for RWH implementation across EU industrial sites. The framework integrates internal and publicly available datasets, including EU climate change monthly average rainfall data from the Copernicus Climate Data Store, to create current and prospective scenarios for RWH. The methodology evaluates critical parameters co-created with industrial stakeholders, such as catchment area, water quality, and industrial water requirements. This approach allows for site-specific assessments, enabling industries to reduce freshwater consumption and support sustainability goals within the Horizon 2050 framework. Our findings indicate that implementing RWH systems can significantly contribute to a sustainable and circular economy by reducing annual freshwater consumption, promoting resource reuse, and lowering industrial water costs. This framework provides industries with a tool to assess RWH feasibility, supporting their efforts to prepare for increased water demands and contribute to environmental conservation.
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1. Introduction


The increasing stress on freshwater resources poses a significant challenge to global sustainability. This stress is expected to grow, especially within the industrial sector, which anticipates a 400% increase in water consumption by 2050 [1]. The adoption of rainwater harvesting (RWH) practices has emerged as a promising solution, contributing to United Nations Sustainable Development Goal 6: Clean Water and Sanitation [2].



RWH has proven effective in reducing freshwater consumption by utilising alternative sources for various applications, such as toilet flushing, irrigation, and cleaning. This method has primarily been implemented in urban and domestic settings [3,4], with additional benefits in terms of reducing flooding through surface runoff collection [5]. Moreover, RWH can promote groundwater recharge, mitigating urban heat island effects [6,7], and leading to a multipurpose system within urban environments [8,9]. Yet, while RWH has been successfully implemented in large commercial buildings, such as supermarkets, schools, and office buildings [10], its adoption in the industrial sector remains limited. The industrial sector faces key challenges to overcome for RWH adoption. First, the temporal variability of rainfall often mismatches with steady industrial water needs [11,12]. Moreover, the financial viability of RWH systems is often governed by water prices, which can fluctuate [10,13].



However, the need for RWH in the industrial sector is becoming more urgent due to projected water consumption increases. This has led to a growing interest in RWH’s role in industrial applications, with literature studies suggesting its potential for irrigation and cooling [14]. EU legislation, such as Regulation (EU) 2020/741 [15], supports RWH initiatives, especially within the context of a circular economy and climate change adaptation. These regulations encourage industries to explore RWH as part of their sustainability strategy. Ghisi and Schondermark (2013) [16] studied the feasibility of RWH systems and concluded that, in most cases, they are viable when non-potable demand is low. Imteaz et al. (2017) [17] concluded that potential freshwater substitution can be achieved with harvested rainwater; however, its efficacy depends on annual rainfall, freshwater demand, the available catchment area, and rainfall seasonality. Guidelines for designing and assessing RWH systems should incorporate the most up-to-date records of precipitation for the targeted region. The effect of using long-term or short-term temporal rainfall in simulations can potentially impact overall investment; however, Geraldi and Ghisi (2018) [18] determined that the use of short-term temporal series to simulate RWH is valid, but depends on the rainfall characteristics in the target region. To this end, the European Standard EN 16941-1 [19] recommends the use of total annual rainfall for a basic approach, i.e., for regular demand cases, or more complex cases with irregular demand and yield, continuous rainfall temporal spanning a minimum of 5 years should be considered. Whichever approach is followed, the European Standard does not stipulate whether historical or future projections should be used—a criterion for the decision-maker. The concern with employing historical data is that it does not reflect the pressures and risks potentially derived from climate change on a regional basis. As climate change moulds our water cycle, whether through increasing levels of water vapour in the atmosphere, which induces uncertainty regarding availability, making it less foreseeable and leading to more intensive rainfall in a given region. In contrast, other regions will face severe droughts [20].



As observed by Santos et al. (2020) [21], RWH will play an important role in “promoting water use efficiency as well as strengthening and diversifying water sources”. However, the current approach to designing and measuring these aspects for RWH systems based on historical data is insufficient as rainfall patterns will change in the coming years and could hinder their implementation. Santos et al. [21] also considered precipitation data in the light of different climate change scenarios: Representative Concentration Pathways (RCP) 4.5 and RCP 8.5, which account for uncertainties regarding forcing; however, model response and internal variability were not accounted for. This translates into different models returning different results for the same inputs [22]. Other studies have correlated precipitation with the total available catchment area [23], incorporating local water prices to estimate financial feasibility. However, the main limitation of the approach was that it considered historical rainfall data only.



To address the identified gaps and contribute to a more sustainable implementation of RWH systems in the industrial sector, this work presents a self-assessment framework designed to evaluate the potential for implementing RWH systems at industrial sites. This framework relies on internal and publicly available datasets, such as EU climate change monthly average rainfall data from the Copernicus Climate Data Store [24], following RCP scenarios. It projects potential rainfalls for a temporal timescale and the harvestable water volumes, as well as presenting a stepwise approach to increasing harvest area(s) requirement(s) considering the input parameters expected at industrial sites and industrial freshwater consumption patterns. The framework was tested on three industrial sites located in different EU regions: Atlas Concorde (Cheramiche Keope Facility), Italy; Alufluor AB, Sweden; and Tubacex Tubos Inoxidables, Spain.



The aim of this work is to provide industries with a simple and cost-effective tool for evaluating the potential of RWH, encouraging a broader adoption of these systems. This can lead to reduced freshwater consumption, a decreased carbon footprint, and enhanced compliance with sustainability goals. The insights gained from our study can help industries make informed decisions, ultimately contributing to a sustainable and circular economy. This can potentially guide industrial stakeholders through a structured process for RWH implementation, demonstrating its benefits, feasibility, required areas, and potential economic savings. Moreover, it aims to promote sustainable practices within the industrial sector and encourage the adoption of RWH as a viable strategy for water management and conservation.




2. Materials and Methods—Framework


The proposed framework aims to guide the integration of a rainwater harvesting (RWH) system into a given industrial site. It identifies strategies and solutions to facilitate the effective implementation of RWH, focusing on key factors such as industry-specific needs, rainwater input, and projected rainfall. Figure 1 illustrates this framework, which consists of four main steps:




	
Industry Information: This step gathers data from the industrial site to understand its current operations and water usage. It assesses the site’s existing infrastructure, water requirements, and operational constraints to determine how RWH can be integrated into the existing processes;



	
Rainwater Input: This step involves collecting climate and rainwater-related information, focusing on rainfall patterns and potential catchment areas. It involves data from publicly available sources and internal site assessments to estimate the quantity and quality of rainwater available for harvesting;



	
Modelling the Catchment Area and Rainwater Volumes: The framework employs modelling techniques to estimate the catchment area and the expected rainwater volumes. This step directly incorporates data from the Coupled Model Intercomparison Project Phase 6 (CMIP6) [25], which provides average monthly rainfall estimates for the 2030 and 2050 time horizons (not limited to). This allows for an understanding of rainwater availability, considering both current and future scenarios;



	
Projecting Rainfall and Shared Socioeconomic Pathways (SSPs): Projection of future rainfall based on CMIP6 data, framed within the Intergovernmental Panel on Climate Change (IPCC) Shared Socioeconomic Pathway (SSP) narratives [26]. Global SSP narratives are interpreted on a regional scale for this purpose. These narratives offer different future scenarios, allowing for a more robust and adaptable RWH strategy. By considering SSP projections, the framework can inform optimal RWH solutions that align with broader sustainability goals.








2.1. Industry


The first step in the framework involves gathering site-specific information about the industrial context (Figure 1) and identifying specific characteristics of the targeted industrial park. This step requires data collection from industrial site stakeholders and online open-access information, as summarised in Table 1. By collecting this information, the decision-maker (DM) can assess the requirements for implementing a rainwater harvesting (RWH) system and determine past and current water consumption rates, as well as water expenditure. It is important to collect information, such as the currently available harvest area, as it informs on the potential volume of harvestable rainwater, while water prices can convey the potential economic savings of substituting freshwater with rainwater. These are important drivers when implementing an RWH system.



The structure and material of the catchment area may affect water quality and can be characterised by the Rooftop Runoff Coefficient (RRC). Most EU industries use concrete or metal/iron materials for rooftops. The RRC measures the efficiency of rainwater collection, typically ranging from 0.7 to 0.9 for shorter rainfall events, depending on factors like climate conditions, shape, and design of the catchment area. During longer rain events, the RRC generally varies between 0.8 and 0.9. Industrial parks with large rooftops are ideal for RWH due to their expansive surface areas. Besides rooftops, other catchment options include photovoltaic panels, which offer solar energy while providing a secondary function, as rainwater collectors can also be considered. Shading structures over parking areas can also serve as catchment surfaces.



The presence of an onsite water treatment facility can simplify the treatment of harvested rainwater, allowing for more flexibility in RWH system design. If such facilities are not present, the feasibility of incorporating water treatment systems to accommodate harvested rainwater should be assessed. By analysing past and current freshwater consumption datasets, it is possible to establish annual water requirements and trends, enabling projections for future water demand. These projections can assist in setting consumption targets in consultation with experts. Additionally, the water quality of the source(s) is evaluated to determine if harvested rainwater can be used directly in the industry, depending on specific industrial processes, cleaning/maintenance, sanitation, gardening, and other uses.



If the industrial site has alternative greywater circuits, reinjection points, or other existing systems, these should also be factored into the framework to optimise RWH strategies. This approach ensures that all potential resources are considered, enabling a more sustainable and efficient implementation of RWH systems in industrial contexts.




2.2. Rainwater


The second step of the framework involves collecting information regarding the rainwater step: characterising the local climate, historical precipitation, and rainwater quality—(Table 2) which determines its suitability for different types of industrial uses.



The climate of the industrial area is determined in the first step—the Köppen climate classification system provides high-level information that can be compared with current and historical data. This classification communicates the type of climate group in the region as well as the seasonal precipitation trend and heat level through a 3-letter classification process [27]. Sampling campaigns of rainwater as runoff from the catchment area are recommended to characterise its chemical composition, both during the first-flush and later during the rainfall event. Targeted analysis of the rainwater should be decided on by the industry. The sampling campaign will determine if the rainwater can be directly used, which industrial processes can receive it, and if additional treatment steps are required (indirect use—industrial step). Historical rainfall data should be retrieved from verified sources such as national services, Copernicus, or the European Climate Assessment and Dataset (ECA&D) [28]. Statistical analysis and metrics of historical data will determine the potential volume of water recovered by the catchment area, whether it is economically attractive, or if expanding the catchment area is required.




2.3. Prospective Scenarios


To estimate potential future rainfall volumes, the Intergovernmental Panel on Climate Change (IPCC) framework of Shared Socioeconomic Pathways (SSPs) is used, allowing for the utilisation of Coupled Model Intercomparison Project Phase 6 (CMIP6) model results [25]. This framework provides monthly average rainfall estimates across the entire EU territory through 2100, derived from various regional models available in the Copernicus Climate Change Service datastore [24]. The SSPs originated in the 5th IPCC Assessment Report [29,30,31,32], where they played a central role. These narratives link different levels of CO2 concentration, socioeconomic development trajectories, and collective policy assumptions, creating a foundation for global scenarios designed with internal consistency. The intersection of SSPs with Representative Concentration Pathways (RCPs) forms a comprehensive matrix that represents human influence on the climate system.



This framework is further enriched by integrating shared policy assumptions into the RCP/SSP matrix, enabling the development of policy-driven mitigation scenarios [33,34]. This additional complexity allows for a more nuanced approach to climate change projections, providing a robust structure for examining a wide range of potential futures. In the current research, the monthly rainfall estimates were retrieved from the UKESM1-0-LL model simulations for each scenario [35,36]. Specifically, the study was framed considering the different pathways shown in Table 3.



Besides the scenarios outlined in Table 3, industries are also expected to face an increase in water consumption over time. This trend can be projected from historical data on annual operations, allowing us to postulate percentage increases in water demand. These projections consider potential changes in production trends and external factors, such as political, economic, or technological disruptions, that might impact production and water consumption. To simplify the analysis, these projections are extrapolated linearly. These projections can be complexified by industrial operators based on the analysis of their business plan and the envisioned local context evolution regarding water resource access regulations.




2.4. Model Parameters


Data were collected from the industries regarding historical freshwater consumption. Abnormal years were included in the analysis, as these represent potential disruptions to normal operation, i.e., the year 2020 saw a decline in overall world production of consumables and materials due to the COVID-19 pandemic. These events will potentially occur in the future more frequently, with varying impacts, therefore resulting in unforeseeable degrees of disruption in production and overall industrial consumption. The main drivers for pandemic outbreaks can be attributed to several factors, such as increased travel, urbanisation, climate change, etc. [37,38]. Additionally, a report requested by the European Parliament’s Committee on Industry, Research, and Energy (ITRE) demonstrated the effect the COVID-19 pandemic had on industries across the EU [39]. Table 4 presents the proposed model parameters, which involve collecting data from industries to support the decision-making process for implementing RWH. This includes parameters like average annual growth rate (AAGR), maximum water consumption, and rooftop area and runoff coefficient (RRC). Equations are found in the Supplementary Material document (S1 and S2).




2.5. Data Processing and Decision Support System (DSS) Techniques


Data retrieved from the Copernicus datastore were aggregated into yearly precipitation for each region regarding each RCP/SSP narrative from 2023 to 2050. Historical precipitation data were retrieved from the European Climate Assessment and Dataset (ECA&D) [28], resulting in the calculation of monthly averages and aggregation into yearly precipitation for each region. Decision support was based on simulation output from historical freshwater consumption data and projected precipitation data bound to the RCP/SSP narrative from 2023 to 2050. Potential savings from employing RWH were based on the current prices of freshwater from the water line. Different scenario simulations were performed to evaluate the tool and potential outcomes for different RWH strategies.




2.6. Decision-Making Process


The decision-making process for implementing RWH is outlined in Figure 2, which represents the baseline scenario. This scenario assesses the current state of an industrial site, considering various factors such as existing onsite structures, available catchment areas, rainwater volumes to meet current water requirements, rainwater quality, historical precipitation data, rainfall types, material characteristics, and first-flush. In the baseline scenario, the framework evaluates the feasibility of RWH by examining these key parameters. It starts by analysing the site’s catchment area and comparing it with historical rainfall data to estimate the potential rainwater volume. The quality of rainwater is assessed based on factors like the first-flush, which can affect contamination levels. Material characteristics, such as those of rooftops or other structures, are also considered, as they can impact the efficiency of rainwater collection. Figure 3 expands on Figure 2 by incorporating prospective scenarios based on the Representative Concentration Pathways (RCP) and Shared Socioeconomic Pathways (SSP), using the Coupled Model Intercomparison Project Phase 6 (CMIP6) model from the Copernicus platform. These prospective scenarios consider projected rainfall patterns and volumes for the 2030 and 2050 timeframes, offering a broader perspective on future RWH potential. Projected freshwater consumption is also considered regarding prospective scenarios as well as temporal capping of freshwater consumption. The outputs from these flowcharts indicate the expected volume of freshwater that could be replaced by projected harvested rainwater on a yearly basis. In Figure 3, the flowchart also indicates the required harvest area to achieve the targeted annual water consumption. This step allows decision-makers to determine if the existing catchment areas are sufficient or if additional structures are needed to meet future water requirements.



Furthermore, the framework identifies excess volumes of projected harvested rainwater. This information is valuable for industries aiming to optimise their RWH systems, as it suggests a potential for storage or redistribution of excess rainwater for other purposes. By analysing both baseline and prospective scenarios, the decision-making process provides a comprehensive approach to guide industries in implementing effective RWH systems.




2.7. Industrial Sites


Three industrial sites were assessed using the proposed framework. All three industries are very different and located in different countries in the EU, but they are all water-intensive consumers (Table 5 and Table 6). A short description of the industrial sites and their activities is given in Table 5.




2.8. Industrial and Rainwater Steps


This section provides a general overview of the three industrial sites evaluated in the study, highlighting their unique characteristics and relevance to rainwater harvesting. The proposed framework was applied to three industrial sites in different European regions (Table 6), testing its adaptability across various contexts while maintaining a standardised methodology.



Information in Table 6 supports steps 1 and 2 of the framework (Figure 1), while data collection involved sampling freshwater sources and local rainwater, following each country’s analytical standards. This approach ensures reliable data for accurate comparisons between sites. Additional information was obtained directly from the industries, providing insights into their infrastructure, water usage, and operational requirements. This comprehensive approach helps evaluate the potential for rainwater harvesting (RWH) in industrial settings. While the focus is on water sources and rainwater quality, other factors, such as metal contamination, are also considered. This flexibility ensures the framework meets industry standards and regulatory compliance, as well as process requirements. By testing the framework across different sites, we demonstrate its versatility and scalability, allowing industries to assess their specific needs and adapt the framework accordingly.



All sites have a drainage connection to discharge rainwater collected on the roof, although this would require modification in order to accommodate an RWH solution. The data in Table 6 indicates that the TTI industrial site has the largest catchment area, aided by the highest average annual precipitation rate, thus suggesting it has the highest potential for rainwater harvesting. By analysing the data collected for each site, the following may be considered:




	
CON (Italy): The harvested rainwater’s quality is better than the freshwater source, indicating that no treatment is required. This means that 100% of the harvested rainwater can be used in industrial processes. If treatment were necessary, the onsite water treatment facility could be used, but this would reduce freshwater recovery and increase chemical and energy consumption. The existing rooftop area serves as the catchment zone, and onsite storage tanks are available for rainwater storage.



	
ALU (Sweden): The freshwater source has key variables lower than those in the rainwater, such as calcium (Ca) and fluoride (F). Calcium levels below 1 mg/L are required to avoid scaling in industrial processes, indicating a need for treatment to remove calcium from the rainwater. The onsite water treatment facility, a sand filter and softener system, could be used to achieve the required quality for reuse. However, the overall rooftop area available for harvesting is the smallest of the three, contrasting with overall freshwater consumption being the highest of the three.



	
TTI (Spain): The quality of rainwater is similar to that of freshwater sources, but treatment may still be necessary to ensure consistent rainwater quality for industrial use. A sand filter might be sufficient to treat the rainwater. Among the three sites, TTI has the largest rooftop structure, providing the greatest catchment area for rainwater harvesting.








By addressing the specific requirements and challenges of each site, the RWH framework can be tailored to meet the unique needs of different industrial environments. This approach allows for flexibility in treatment and storage, optimising the use of harvested rainwater, and supporting sustainable practices within the industrial sector. Analysing historical precipitation data helps estimate the potential for rainwater harvesting and informs economic savings projections by providing an initial estimate of the potential volume of rainwater that can be harvested (assuming 100% recovery) based on the current catchment area. This information is useful for presenting to stakeholders as part of the rainwater harvesting (RWH) planning process. Table 7 shows the estimated volumes of harvestable rainwater for each industrial site and the corresponding potential economic savings (PES). This translates into reducing the costs associated with sourcing freshwater from conventional sources.




2.9. Expected and Projected Industrial Freshwater Consumption


This section projects freshwater consumption for each industrial site, providing insight into future water needs. Historical freshwater consumption data were collected from each industrial site, covering the period 2013–2021. The data also includes abnormal years. Table 8 shows the Average Annual Growth Rate (AAGR), representing the mean increase in the water consumption rate. The AAGR is a linear estimation calculated using the arithmetic mean from historical data following Equations (S1) and (S2) (Supplementary Material). According to Table 8, water consumption by the three industries is expected to increase by an average of 2–3% per year. By 2050, both ALU and TTI are projected to nearly double their freshwater consumption, while CON is expected to more than double its current rate (Figure 4A). However, ALU does not anticipate an increase in water consumption, and its usage has been capped at 2022 levels (Figure 4B). To maintain consistency for comparison’s sake, the water consumption for CON and TTI has also been capped at 2022 rates. This flexibility allows decision-makers to set consumption limits as needed.



Figure 4 provides the projected freshwater consumption results for the industrial sites until 2050, illustrating the impact of growth rates and capped consumption on overall water use.




2.10. Projected Rainfall Simulation Considering the Representative Concentration Pathway (RCP)


The rainfall simulations based on SSP/RCP help predict future rainwater availability, informing on RWH feasibility under different climate scenarios. Additionally, the scenarios indicate that rainfall patterns will vary, thus impacting the potential for rainwater harvesting. The average expected annual rainfall for each SSP/RCP scenario (as shown in the Supplementary Material S7) is used to calculate the volumes of harvestable rainwater for the current catchment area. The baseline scenario assumes no treatment is required (100% recovery), a Rooftop Runoff Coefficient (RRC) of 100%, a constant catchment area size, and at least two first-flushes performed per year (Figure 5).



To assess the potential for RWH, the Water Withdrawal Reduction (WWR) indicator (Supplementary Material S7) is used to determine how much rainwater can cover the freshwater requirements of each industrial site. This indicator provides a practical measure of RWH effectiveness, showing the proportion of water needs that can be met with harvested rainwater. The WWR indicator, combined with the calculated annual rainfall, gives insights into the viability of RWH systems in different SSP/RCP scenarios over a temporal scale. The baseline scenario serves as a reference point, allowing decision-makers to understand the potential benefits of implementing RWH systems under various conditions and to identify opportunities for improvement, such as expanding the catchment area or introducing treatment processes.



Figure 6 presents the same baseline scenario, however, capping the water consumption for CON, ALU, and TTI to 2022 values.



The potential economic savings (PES) from substituting freshwater with rainwater at each industrial site do not include capital expenditure (CAPEX) or operational expenditure (OPEX), as noted in Table 9. This is because most of the infrastructure needed for rainwater harvesting (RWH) is already in place, and operational costs are minimal since no treatment is required. Although the WWR values differ between the two scenarios analysed, the volume of harvested rainwater remains constant. The distinction lies in the extent to which freshwater is replaced with harvested rainwater, leading to identical PES in both scenarios despite the variation in WWR values.




2.11. Dynamic Harvest Area to Accompany Projected Freshwater Requirements and Rainfall: SSP/RCP Scenarios


This section explores the need for a dynamic harvest area to meet projected freshwater requirements and desired coverage based on different SSP/RCP scenarios. It highlights how these scenarios impact rainwater harvesting (RWH) strategies in industrial contexts. SSP/RCP scenarios are used to project future rainfall patterns, which in turn inform the expected freshwater substitution with rainwater for industrial sites. By assessing these scenarios, it is possible to determine the optimal size and configuration of the harvest area. A dynamic harvest area allows for flexibility in RWH system design, enabling industrial sites to adjust to changing rainfall patterns and freshwater demands. This adaptability is crucial for ensuring sustainability and cost-effectiveness.



As a result, five scenarios are proposed and analysed to evaluate the dynamic incrementation of the harvesting area to meet the projected substitution of freshwater with rainwater (Table 10). Each scenario represents a different strategy for integrating rainwater harvesting (RWH) and includes changes in process efficiency, first-flush mechanisms, and water consumption capping by the industry. The scenarios aim to demonstrate the flexibility of the RWH framework in accommodating various conditions as per different SSP/RCP pathways. The goal of the scenarios is to achieve a certain percentage of freshwater substitution with harvested rainwater. They incorporate factors like treatment efficiency, first-flush (FF), and industry water consumption. While similar to previous scenarios, these include an additional parameter: freshwater requirements (FWR) covered by harvested rainwater. This parameter allows for a more dynamic approach, enabling decision-makers to adjust the harvesting area in response to changing conditions.



Dynamic simulation (dx/dt—area over time) of freshwater substitution with rainwater provides decision-makers with an incremental approach to increasing the harvest area with projected SSP/RCP scenarios. This stepwise approach is designed to align with broader EU strategies for water conservation, circular economy, and decentralised water harvesting [40]. Figure 7 illustrates the results of Scenario 1, indicating the following:




	
The three different SSP/RCP pathways, considering both rainfall and harvested rainwater relative to the corresponding harvest area;



	
The Water Withdrawal Reduction (WWR) indicator presents the percentage of freshwater requirements that can be met with harvested rainwater. A WWR value over 100% indicates that more rainwater is collected than required, resulting in a surplus;



	
The potential harvest area (m2) required to achieve each WWR value can increase over time or plateau during specific periods, indicating that the current area is sufficient to meet industrial water needs.








Figure 8, Figure 9, Figure 10 and Figure 11 depict scenarios 2 through 5, each introducing additional considerations such as treatment, evapotranspiration, catchment area materials, and rainfall event duration (with a conservative value of 80%)—Table 10. These scenarios offer flexibility by allowing industries to adapt RWH systems to evolving conditions and varying regional policies. By accounting for different parameters and pathways, this framework provides industries with a robust tool to design and implement efficient RWH systems that support sustainability and cost savings.



The Potential Economic Savings (PES) shown in Table 11 are for all scenarios; however, they exclude CAPEX and OPEX related to the RWH solution. In an SSP1/RCP2.6 scenario, which is characterised by sustainable development, the required harvest area might be smaller to meet demand. Conversely, in an SSP5/RCP8.5 scenario, a larger harvest area might be necessary to meet water demand.





3. Results


3.1. Industrial Site and Rainwater Analysis


Table 6 provides insights into the targeted industries located in different regions across the EU. According to the Köppen-Geiger climate classification, ALU (Sweden) and TTI (Spain) share a similar climate, but the Spanish site receives over 100 mm/year more rainfall compared to the Swedish site and nearly 200 mm/year more than the Italian site (CON). This suggests that the Spanish site has the greatest potential for rainwater harvesting (RWH). Additionally, all industrial sites have some form of onsite water treatment facility that can be adapted to treat rainwater, thus reducing capital expenditure (CAPEX).



The rainwater quality at these sites is often similar to or even better than the freshwater used in industries, indicating potential for direct use in industrial processes. However, for some processes, additional treatment might be required. Continuous monitoring of rainwater quality can ensure that it meets the industries’ standards, with digitalization enabling automation for more efficient and consistent monitoring.



When examining freshwater consumption, ALU emerges as the largest consumer among the three sites, while CON and TTI have similar consumption ranges. This makes RWH a viable option for ALU to reduce water-related costs and enhance sustainability. However, the available area for RWH at ALU is relatively small compared to the other two sites, possibly requiring a higher initial investment to expand the catchment area. Moreover, lower precipitation levels in Sweden add to this challenge. Freshwater prices for CON and ALU are within the same range, indicating that ALU’s higher water demand could lead to greater savings with an RWH system. TTI, however, pays 31–35% more per cubic meter of water compared to Italy and Sweden, suggesting even greater savings if RWH is implemented there. This underscores the economic advantages of adopting RWH, especially in areas with higher water costs.




3.2. Historical Precipitation: Potential Harvesting and Economic Savings


Historical precipitation indicates the potential behind employing an RWH system at industrial sites. The historical data were collected, treated, and analysed from ECA&D [28] and indicate that the TTI site has the highest potential for rainwater harvesting, leading to significant economic savings—less volume of freshwater sourced from the public system. This highlights the importance of assessing local climate patterns when implementing RWH systems. Savings for the ALU industrial site are not attractive (around 11 €/d) and might not justify the investment considering the current harvest area. Table 7 shows that the TTI site can save up to 246 €/day through RWH, demonstrating the economic benefits of implementing these systems. The CON site also presents an interesting potential for installing an RWH system, with savings of up to 118 €/d.




3.3. Expected and Projected Industrial Freshwater Consumption


The projected freshwater consumption suggests that the industrial sector’s water demand will increase significantly by 2050, necessitating alternative water sources like RWH. The different SSP/RCP scenarios offer insights into how these trends might evolve. Two contexts were considered, as shown in Figure 4:




	
Steady Increase in Freshwater Consumption: This context assumes that each industry’s freshwater consumption will increase at a consistent rate until 2050, based on historical water consumption data. This linear trend considers unusual variations, such as those caused by the COVID-19 pandemic. This disruption is reflected in the water consumption data, providing a reference point for the expected growth trajectory.



	
Capped Water Consumption: In this context, each industry’s water consumption is capped at 2022 levels. This approach is based on ALU’s projections, which suggest no expected increase in water consumption due to technical constraints and limited available space. To simplify the assessment and facilitate comparisons across industries, water consumption was capped at 2022 levels for all industries.








These two contexts provide different scenarios for assessing water consumption trends, where the steady increase scenario represents a more traditional growth model and the capped scenario addresses constraints that may limit future water consumption. By considering both contexts, the framework allows for flexibility in assessing and comparing water consumption patterns, ultimately guiding more informed decisions in rainwater harvesting (RWH) implementation.




3.4. Projected Precipitation Simulation Considering the Representative Concentration Pathway (RCP) and Shared Socioeconomic Pathways (SSP)


Applying different RCP/SSP pathways to simulate rainfall in each industrial site’s region demonstrates the potential impact on rainwater harvesting (RWH). The precipitation amplitude for the CON industrial site varies widely, ranging from 350 mm to 1500 mm (S7), indicating significant variability and uncertainty in yearly precipitation (as is common with meteorological simulation models). Despite this variability, the average precipitation values (Table 12) are relatively high.



The ALU industrial site exhibits the most stable precipitation amplitude through 2050 across all SSP/RCP pathways, although it has lower average precipitation compared to CON and TTI. On the other hand, the TTI industrial site has the highest average precipitation values, suggesting a more consistent source of rainwater. Comparing the precipitation values with historical data (Table 6), the CON and TTI industrial sites show slightly higher precipitation, while ALU’s values are relatively consistent with its historical trends. This comparison indicates that earlier conclusions based on historical data could underestimate the volume of harvestable rainwater for CON and TTI, while for ALU it proves more accurate.



When assessing the potential for implementing an RWH solution with the current catchment area, assuming 100% treatment efficiency (T.E.), 100% Rooftop Runoff Coefficient (RRC), and considering the SSP/RCP scenarios, CON and TTI could cover between 24% and 33% of their freshwater needs with harvested rainwater, depending on the chosen pathway and increase in water consumption (Table 13). In contrast, ALU could only cover about 1% of its water needs, possibly due to lower average precipitation, higher freshwater consumption, and a smaller catchment area (as indicated in Table 6 and Table 13). This limited coverage also reflects the lower economic savings for ALU compared to CON and TTI. However, if water consumption is capped at 2022 levels (Table 13), the potential to meet water requirements with harvested rainwater increases to over 50% on average for CON and TTI. The SSP/RCP 4.5 pathway offers the best prospects for precipitation events for these sites, while the SSP/RCP 2.6 pathway seems most favourable for ALU. Yet, despite these results, the latter pathway remains highly recommended for its alignment with climate change mitigation goals.



Economic savings projected by the SSP/RCP scenarios (Table 9) align with those derived from historical data (Table 7), with higher savings observed for TTI. This alignment indicates a degree of reliability in these projections and underscores the importance of selecting the appropriate RCP/SSP pathway for optimal RWH outcomes. Furthermore, the location of each industrial site plays a significant role in the results, highlighting the need for a tailored approach to RWH implementation depending on the chosen pathway and the unique characteristics of each site.



One limitation of this study is the reliance on projected rainfall data, which may not fully capture the variability and uncertainty of future climate patterns. This could affect the accuracy of the RWH system design. Additionally, the absence of model response and internal variability, as discussed by Deser et al. (2012) [22], are another limitation; however, this would increase the complexity of the model and defeat the objective of this framework.




3.5. Dynamic Harvest Area to Accompany Projected Freshwater Requirements


The results from the dynamic simulation of substituting freshwater with harvested rainwater by progressively increasing the harvest area are illustrated in Figure 7, Figure 8, Figure 9, Figure 10 and Figure 11 and in the Supplementary Material S8. These results provide insights into five scenarios and their implications for rainwater harvesting (RWH) at the three industrial sites. As a general observation, an integrated approach to RWH would be to combine photovoltaic panels and rainwater harvesting to reduce CAPEX and increase return on investment.



3.5.1. Scenario 1


Scenario 1 represents an ideal scenario with no loss of rainwater through evapotranspiration or treatment. If the column bars exceed 100% (WWR), it indicates that the amount of harvested rainwater is greater than the industry’s needs, allowing for storage or sale to surrounding industries (Figure 7). Depending on the pathway chosen by the decision-maker (DM), the required harvest area for CON, ALU, and TTI may increase by 257%, 7991%, and 119%, respectively, to cover water needs with harvested rainwater. In the following decades (2030–2040, 2040–2050), the trend continues, but with fewer changes for the ALU site, which experiences the most significant increase in harvest area due to high freshwater consumption, low projected precipitation, and limited existing harvest area. This makes RWH implementation less attractive for ALU stakeholders.



Depending on the decade, the harvest area needed for each site varies. For example, in the first decade, the CON site requires a larger harvest area for the SSP2 pathway compared to SSP1, but this trend reverses in the following decades. TTI requires a smaller increase in harvest area compared to the other two sites, while the CON site’s harvest area could vary significantly depending on the SSP pathway and future precipitation events. This sometimes yields more rainwater than needed, requiring additional storage or sale to other industries.




3.5.2. Scenarios 2 and 3


Scenarios 2 and 3 have the same input parameters, except for water consumption: Scenario 2 assumes a linear increase, while Scenario 3 caps consumption in 2035. Both scenarios show similar RWH volumes for the first decade, with slight variations in the second and third decades due to capped water consumption. In Scenario 3, the CON site requires a smaller harvest area for 2040 and beyond, reducing investment costs. For TTI, a smaller harvest area across all pathways makes it the best option for RWH implementation, with SSP1 presenting the lowest initial investment.




3.5.3. Scenarios 4 and 5


Scenarios 4 and 5 differ in water treatment efficiency and recovery, but both cap water consumption in 2022. Scenario 5 has lower water coverage due to less rainwater recovery but implies smaller harvest areas and lower CAPEX. In Scenario 5, the CON site’s RWH system can cover 61% to 146% of water requirements, depending on the SSP pathway. ALU’s RWH coverage ranges from 54% to 78%, indicating a less feasible option due to the larger harvest areas required. TTI, on the other hand, can cover 55% to 82% of water needs, with the best results observed under the SSP1.




3.5.4. Potential Economic Savings (PES)


Table 11 indicates that SSP5 has the greatest potential economic savings, but it requires more significant capital investment. TTI, considering SSP2, indicates the best PES, while ALU requires the highest investment due to its need for extensive harvest areas.






4. Discussion


This manuscript presents an open-source solution for self-assessing the potential of implementing RWH systems at industrial sites in line with EU Regulation 2020/741 [15] and builds on the European Standard EN 16941-1 [19] for a more oriented form of data use, as suggested by Santos et al. (2020) [21]. The proposed framework and methodologies provide a simple tool that can be employed in a broad range of scenarios in order to assess the feasibility, practicability, benefits, required structures, and potential economic savings that could be accomplished within the defined boundaries. The resulting assessment can aid stakeholder engagement in informed decision-making and involve them from the design phase to the stepwise implementation phase, thus encouraging cross-industry collaboration. This is an important aspect, as water security plays a pivotal role in industrial sites; therefore, collaboration aligned with policy frameworks is important for sustainable development.



Recent studies have demonstrated concern with RWH in climate change contexts [21,41,42,43]. The water demand level is a driving factor for RWH performance [41] and thus should always be considered. The previous studies reported on the reliability of an RWH system as the number of times the water demand was achieved with rainwater. In this approach, this is improved as the stepwise harvesting procedure ensures that the demand of the industry will always be covered if the guidelines are followed (also depending on the pathways), thus optimising the RWH implementation process and enabling a structured approach. Additionally, the current approach can guide policy making, by enforcing potential policies related to minimal volumes of sourced water from alternative sources with regard to overall water consumption by industries—this can enable further collaboration between industrial parks.



The study demonstrates that rainwater harvesting (RWH) can significantly reduce freshwater consumption in industrial settings by promoting circular actions, with the potential for economic savings and environmental benefits. To implement RWH effectively, industrial sites should assess their catchment areas and water consumption patterns to determine the optimal system design. Collaboration with local stakeholders is key to enhancing the success of RWH projects. The three industrial sites evaluated in this study exhibit varying levels of water consumption, precipitation levels, harvesting areas, and overall rainwater harvesting potential. The TTI site has the largest catchment area and highest rainfall, indicating the best potential for implementing an RWH system. The variability among the industrial sites suggests that RWH strategies must be tailored to each site’s unique characteristics. This requires flexibility in design and adaptation to the industry’s specific needs—quite often, medium-sized industries are grouped in industrial zones and often resort to a syndicate for the collective industrial zone. Grouped investments could help mitigate investment costs, balance temporal consumption variations (process-specific), increase catchment areas, and optimise design.



Limitations in the current study should consider a broader range of scenarios and include real-time data to improve the accuracy of RWH projections. Additionally, more research is needed to explore the integration of RWH with other sustainable practices. Another limitation of this study is the reliance on projected rainfall data, which may not fully capture the variability and uncertainty of future climate patterns. This could affect the accuracy of the RWH system design. The framework enables a sustainable approach to implementing an RWH solution by guiding the industries in a stepwise manner. This ensures that the RWH solution is tailored to the industries’ needs and thus contributes to reducing freshwater consumption and promoting circular economy practices on a per-demand basis. Although the resolution is lost due to the temporal scale (annual basis), it is recommended to align the seasonality of rainwater harvesting on a monthly basis, as well as the industrial cycle. This would enable the determination of the storage tank volumes. In the current application, the framework’s objective is to demonstrate the varying strategies that the tool enables. However, the temporal scale is a choice that can be implemented by the decision-maker depending on the information that they wish to extract from the assessment. The framework can employ any temporal scale, depending on data availability. By integrating RWH with other sustainable strategies, industrial sites can achieve significant environmental and economic benefits.




5. Conclusions and Perspectives


This study demonstrates that rainwater harvesting (RWH) in industrial settings can significantly reduce freshwater consumption, with the potential for substantial economic savings. The results support the feasibility of implementing RWH systems in the EU industrial sector by 2050. The successful implementation of RWH systems aligns with sustainability goals and contributes to the circular economy. This approach reduces industrial water consumption, lowers the carbon footprint, and promotes environmental stewardship. While the results are promising, there are limitations due to the variability of the projected rainfall data. This uncertainty could affect the accuracy of RWH system design and implementation. Industrial sites should assess their catchment areas, water consumption patterns, and existing infrastructure to determine the optimal RWH system design. Collaboration with stakeholders and compliance with EU regulations are crucial for successful implementation. Future research should explore the integration of RWH with other sustainable practices, such as energy-efficient systems and green infrastructure such as green filtration roofs. Additional studies could also focus on developing more accurate models for predicting rainfall patterns and freshwater consumption.



The choice of which pathway solution to adopt depends on the direction states are taking regarding climate change adaptation and mitigation strategies. While decarbonisation is often politically favoured in the EU, resembling the SSP1 narrative, its implementation can be delayed or ineffective, rendering low mitigation and adaptation paths seemingly utopian. The SSP2/RCP4.5 pathway considered an optimistic approach, might lead to increased rainwater harvesting volumes, with surpluses potentially stored or sold within industrial sites’ vicinity. However, this scenario requires a higher initial investment, necessitating political support or incentives to be economically feasible. Incentives play a crucial role in facilitating the adoption of RWH solutions and promoting data-driven strategies. Innovative approaches, such as using photovoltaic (PV) panels to support both energy decarbonisation and RWH, offer a dual benefit of reducing carbon emissions while also alleviating water stress. This integrated approach to sustainability can drive long-term solutions, justifying initial investments.



Future recommendations for this framework include expanding it to cover CAPEX, OPEX, multiple objective optimisation problem formulations, and integrated solutions like PV panels. Water prices are another aspect to consider, while here the water price was considered fixed. Future recommendations should consider inflation on an annual basis to reflect potentially real savings. The framework aims to guide stakeholders in making informed decisions that support climate change policies, reduce greenhouse gas (GHG) emissions, and increase efficiency through circular and sustainable solutions.



One limitation of this framework, similar to other simulation models, is its reliance on data accuracy, transparency, and availability. This uncertainty underscores the need for a structured and incremental approach to implementing rainwater harvesting (RWH) solutions. The framework provides guidance to decision-makers (DMs) by promoting a step-by-step strategy that addresses this uncertainty. The framework is not limited to industrial sites but can be applied to other contexts where RWH serves as an alternative water source, contributing to sector sustainability. An integrated approach to RWH implementation can maximise multifunctional efficiency, offer a return on investment, and support broader sustainability goals. The application of the framework was limited to self-contained industrial boundaries; however, the framework could be used at a larger scale to perform a holistic assessment by considering other sustainable strategies as limitations on the inclusion of the RWH solution within an Integrated Water Resources Management (IWRM) approach. This would promote further efficient, equitable, and sustainable development and management of the available water sources within the defined boundaries of the assessment. Additionally, expanding the boundaries of the assessment to include the water balance and water allocation on a local scale would be the next step; however, this is prone to data availability and transparency.



This framework could be exploited for policy making by enforcing minimal volumes of sourced onsite rainwater used in industries, considering their current consumption levels. This can be tailored based on overall consumption ranges. It could be used to make medium- to long-term plans regarding the implementation of RWH systems in unison with other sustainable practices (e.g., PV panels). Additionally, it allows us to foresee best and worst-case scenarios.
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Figure 1. Framework for assessing the feasibility of RWH in industrial contexts. 
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Figure 2. Flowchart for determining projected rainwater volumes considering current harvest. 
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Figure 3. Expanded flowchart to include scenario analysis following the RCP/SSP pathways and projecting harvest areas. 
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Figure 4. (A) Projected industrial freshwater consumption for CON, ALU, and TTI (2020–2050); (B) Projected industrial freshwater consumption for CON, ALU, and TTI (2020–2050) capped from 2022. 2018 and 2022: observed freshwater consumption. 
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Figure 5. Baseline scenario for harvesting rainwater: CON, ALU and TTI (2023–2050). 
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Figure 6. Baseline scenario for harvesting rainwater: CON, ALU, and TTI (2023–2050)—Capped for 2022 water consumption values. 
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Figure 7. Dynamic harvest area projection to accompany projected freshwater requirements for CON, ALU, and TTI regarding SSP/RCP scenarios. Scenario 1: idealised. 
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Figure 8. Dynamic harvest area projection to accompany projected freshwater requirements for CON, ALU, and TTI regarding SSP/RCP scenarios. Scenario 2: increase in water consumption. 
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Figure 9. Dynamic harvest area projection to accompany projected freshwater requirements for CON, ALU, and TTI regarding SSP/RCP scenarios. Scenario 3: Freshwater consumption capped by 2035. 
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Figure 10. Dynamic harvest area projection to accompany projected freshwater requirements for CON, ALU, and TTI regarding SSP/RCP scenarios. Scenario 4: Freshwater consumption capped by 2022. 
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Figure 11. Dynamic harvest area projection to accompany projected freshwater requirements for CON, ALU, and TTI regarding SSP/RCP scenarios. Scenario 5: Freshwater consumption capped by 2022, increased TE. 
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Table 1. Description of the industrial step requirements (site-specific characteristics).






Table 1. Description of the industrial step requirements (site-specific characteristics).





	Parameter
	Description





	Water Price
	The price currently paid for sourcing freshwater (€/m3).



	Catchment Area
	The size of the potential catchment area for rainwater harvesting (m2).



	Catchment Material
	The material of the catchment area—this influences the Rooftop Runoff Coefficient.



	Onsite Water Consumption
	Current and past industrial freshwater consumption (m3/year)—historical data.



	Geographical Location
	Exact location, including details of the region and country.



	Current Water Quality
	The current quality of the used freshwater source(s)—laboratory analyses.



	Onsite Water Treatment
	Presence of an onsite water treatment facility.



	Water Storage Tanks
	The presence or not of water storage tanks (m3).



	Water Use Potentialities
	Identification of all the different types of water uses/water circuits.










 





Table 2. Description of Rainwater step requirements.






Table 2. Description of Rainwater step requirements.





	Parameter
	Description





	Climate Classification
	Climate classification of the region is determined by geolocation in the first step.



	Historical Rainfall
	Historical rainfall data.



	Quality
	Quality of harvested rainwater.










 





Table 3. Applied pathway scenarios for rainfall simulation.






Table 3. Applied pathway scenarios for rainfall simulation.





	SSP
	RCP
	Description





	1
	2.6
	Characterised by its sustainable development-oriented paradigm, often referred to as the “Green Society”.



	2
	4.5
	Considered the current path or trajectory the world is taking/Business as Usual (BAU) trajectory.



	5
	8.5
	Emblematic of a development pathway heavily reliant on fossil fuels, eliminating “green” technologies.










 





Table 4. Model parameters for Decision Support System (DSS) for implementing RWH solutions.






Table 4. Model parameters for Decision Support System (DSS) for implementing RWH solutions.





	Parameter
	Unit
	Description





	AAGR
	%
	Average Annual Growth Rate (AAGR) represents the mean increase in water consumption. It is a linear measurement which is calculated considering the arithmetic mean from historical data and used to project future consumption.



	Max consumption
	m3/year
	The maximum consumption of freshwater was observed from historical data. This is considered the starting point for freshwater requirements.



	Area
	m2
	The initial catchment area will be employed to harvest rainwater.



	RRC
	%
	The Rooftop Runoff Coefficient (RRC) is used to stipulate the potential efficiency of the harvest area for collecting rainwater.



	Treatment efficiency (TE)
	%
	If harvested rainwater undergoes some form of treatment, this is quantified through this parameter. If no treatment is required, then this parameter is considered 100%.



	FWR
	%
	Percentage of freshwater requirements (FWR) covered by the RWH solution.










 





Table 5. Industrial site and activities.
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	Industrial Site
	Activities





	Atlas Concorde (Cheramiche Keope Facility)—

Italy
	The Atlas Concorde (CON) facility is a full-cycle ceramic company, that produces a multitude of different ceramic products such as wall and floor ceramics. The industrial facility sources different types of water for its activities, presenting a form of circular water flow and industrial symbiosis, as purified water is obtained from treating dirty water from other industries located in the vicinity (and also internally recycled). However, the majority of sourced water remains freshwater. No water is discharged from the facility.



	Alufluor AB—

Sweden
	Alufluor (ALU) is a major actor on a global scale regarding Aluminium Fluoride (AlF3) production. Generally, AlF3 is employed as a flux in the primary aluminium production process, as it lowers energy consumption and consequently reduces overall production costs. The industrial facility sources only freshwater for its industrial activities and then treats the wastewater to a high quality before discharging it into the sea.



	Tubacex Tubos Inoxidables—

Spain
	Tubacex Tubos Inoxidables (TTI) is part of the Tubacex Group and a world leader in the production of seamless stainless-steel tubes and high-nickel alloys, as well as both hot and cold finishing of tubes. Additionally, the manufacturing of high-performance tubes that can withstand high and low temperatures, pressures, and corrosion. The industrial facility sources exclusively freshwater for its activities.










 





Table 6. Data collected to conduct the RWH analysis for the industrial cases.
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INDUSTRY




	
Parameter

	
Atlas Concorde

	
Alufluor AB

	
Tubacex






	
Location

	
Casalgrande, Reggio Emilia, Italy (N 44 34.945, E 10 45.433).

	
Helsingborg, Scania, Sweden (N 56 00.453, E 12 43.154).

	
Amurrio, Álava, Basque Country, Spain (N 43 02.225, W 3 00.047).




	
Onsite water treatment facility

	
Yes, to treat dirty water and obtain purified water through precipitation and separation processes; Nanofiltration and Ultrafiltration units.

	
Yes, used to treat the effluent from the industrial processes through precipitation and separations processes; Sand filter and softener units.

	
Yes, for the treatment of two water circuits from processes: (i) Sand filter; (ii) Series composed of DAF, MD, PNFR.




	
Catchment/rooftop material

	
Rooftop—concrete and galvanised iron sheet.

	
Rooftop—concrete and corrugated metal sheet.

	
Rooftop—concrete and corrugated metal sheet.




	
Freshwater quality

	
Freshwater: COD = 10 mg/L; TSS = 4 mg/L; pH = 7.2; SEC = 1277 μS/cm; TN = 6.7 mg/L; Ca = 250 mg/L.

	
Freshwater: TSS < 1 mg/L; F < 90 mg/L; Al < 5 mg/L; Ca < 1 mg/L.

	
Freshwater: TSS < 1 mg/L; F < 90 mg/L; Al < 5 mg/L; Ca < 1 mg/L or Recycled water: COD < 70 mg/L; TSS < 20 mg/L; Cr < 50 mg/L.




	
Freshwater consumption

	
Average = 96,066 m3/year.

	
Average = 174,884 m3/year.

	
Average = 87,694 m3/year.




	
Catchment area

	
Rooftop area = 63,000 m2.

	
Rooftop area = 5360 m2.

	
Rooftop area = 72,216 m2.




	
Water storage

	
Potentially. At least 100 m3 tanks or greater.

	
No. Would potentially need to be constructed.

	
No. Would potentially need to be constructed.




	
Water price

	
1.05 €/m3

	
1.09 €/m3

	
1.60 €/m3




	
RAINWATER




	
Climate

	
Köppen-Geiger: Cfa—humid subtropical. No significant precipitation difference between seasons. No dry months in the summer. Average rainfall = 582.81 mm/year.

	
Köppen-Geiger: Cfb—temperate oceanic climate or subtropical highland climate. No significant precipitation difference between seasons. Average rainfall = 664 mm/year.

	
Köppen-Geiger: Cfb—temperate oceanic climate or subtropical highland climate. No significant precipitation difference between seasons. Average rainfall = 781 mm/year.




	
Quality

	
COD = 9.0 mg/L; TSS < 4.0 mg/L; pH = 7.1; SEC = 75 μS/cm; TN < 5.0 mg/L; Ca = 12.2 mg/L; Hardness 3.2 French degrees.

	
TOC = 1.7 mg/L; SEC = 86.7 μS/cm; TN < 3.0 mg/L; F < 2.0 mg/L; Al < 1.0 mg/L; Ca < 4.0 mg/L.

	
TOC < 3.0 mg/L; COD < 30 mg/L; TSS < 2 mg/L; SEC = 51.7 μS/cm; TN < 1.0 mg/L; F < 1.0 mg/L; Cr < 6.7 mg/L; Ca < 4.0 mg/L.




	
Historical data

	
Copernicus or ECA&D

	
Copernicus or ECA&D

	
Copernicus or ECA&D











 





Table 7. Potential volume of harvestable rainwater and potential economic savings based on historical data and the current harvest area available.
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	Site
	Volume (m3/year)
	Potential Savings (€/year)
	Cumulative Potential Economic Savings (PES) until 2050—€
	Source





	CON
	40,930
	42,977
	1,160,919
	ECA&D [28]—average cumulative rainfall 583 mm/year.



	ALU
	3602
	3926
	106,002
	ECA&D [28]—average cumulative rainfall 664 mm/year.



	TTI
	56,111
	89,778
	2,424,006
	ECA&D [28]—average cumulative rainfall 781 mm/year.










 





Table 8. AAGR and projected annual freshwater consumption increase (2030, 2040, and 2050).






Table 8. AAGR and projected annual freshwater consumption increase (2030, 2040, and 2050).





	
Industry

	
Datasets

	
Expected/Projected Water Consumption Increase per Year (AAGR)

	
Expected Water Consumption Increase (%) *




	
2030

	
2040

	
2050






	
CON

	
2018–2021

	
2.75%

	
28

	
67

	
119




	
ALU

	
2016–2021

	
2.64%

	
18

	
53

	
99




	
TTI

	
2013–2020

	
2.33%

	
23

	
54

	
94








Note(s): * percentage increase over the last observed water consumption from the previous year.













 





Table 9. AAGR and projected annual freshwater consumption increase (2030, 2040, and 2050).






Table 9. AAGR and projected annual freshwater consumption increase (2030, 2040, and 2050).





	
Water Consumption Scenario

	
Industrial Site

	
Baseline Scenario: Potential Economic Savings (PES): € (2023–2050)




	
SSP1/RCP2.6

	
SSP2/RCP4.5

	
SSP5/RCP8.5






	
Increase on an annual basis and capped to 2022 values

	
CON

	
1,586,833

	
1,699,741

	
1,630,168




	
ALU

	
119,458

	
112,826

	
113,905




	
TTI

	
3,216,829

	
3,314,772

	
2,971,554











 





Table 10. Scenarios for the dynamic incrementation of potential rainwater harvesting areas.
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	Scenario
	TE (%)
	RRC (%)
	FWR (%)
	FF (times/year)
	Comment





	1
	100
	100
	100
	2
	Annual increase in water consumption



	2
	70
	80
	70
	2
	Annual increase in water consumption



	3
	70
	80
	70
	2
	Water consumption capped for all industrial cases (2035)



	4
	70
	80
	70
	2
	Water consumption capped for all industrial cases (2022)



	5
	90
	80
	50
	4
	Water consumption capped for all industrial cases (2022)










 





Table 11. Potential economic savings for projected harvest area (2023–2050)—Scenarios 1, 2, 3, 4, and 5.






Table 11. Potential economic savings for projected harvest area (2023–2050)—Scenarios 1, 2, 3, 4, and 5.





	
Scenario

	
Industrial Site

	
Scenario 1: Potential Economic Savings (PES): € (2023–2050)




	
SSP1/RCP2.6

	
SSP2/RCP4.5

	
SSP5/RCP8.5






	
1

	
CON

	
6,030,848

	
6,388,217

	
8,673,773




	
ALU

	
9,376,089

	
8,909,866

	
9,758,686




	
TTI

	
7,420,399

	
8,252,975

	
7,366,964




	
2

	
CON

	
4,434,022

	
4,473,105

	
6,076,181




	
ALU

	
7,092,222

	
6,815,123

	
7,359,720




	
TTI

	
5,194,710

	
5,778,069

	
5,157,290




	
3

	
CON

	
3,990,235

	
4,198,863

	
5,682,286




	
ALU

	
6,258,926

	
6,006,382

	
6,534,217




	
TTI

	
4,872,955

	
5,309,512

	
4,846,457




	
4

	
CON

	
3,011,940

	
3,345,582

	
4,442,132




	
ALU

	
5,436,382

	
4,401,114

	
5,490,110




	
TTI

	
3,860,605

	
4,249,221

	
3,979,225




	
5

	
CON

	
2,152,466

	
2,393,900

	
3,185,253




	
ALU

	
3,884,960

	
3,144,226

	
3,923,579




	
TTI

	
2,787,317

	
3,048,724

	
2,851,198











 





Table 12. Expected average precipitation for CON, ALU, and TTI.






Table 12. Expected average precipitation for CON, ALU, and TTI.





	
Industrial Site

	
Expected Average Rainfall (mm/year): 2023–2050




	
SSP1/RCP2.6

	
SSP2/RCP4.5

	
SSP5/RCP8.5






	
CON

	
858

	
919

	
881




	
ALU

	
731

	
691

	
697




	
TTI

	
995

	
1025

	
919











 





Table 13. Expected harvestable rainwater covering freshwater needs considering the current available harvest area: CON, ALU, and TTI.






Table 13. Expected harvestable rainwater covering freshwater needs considering the current available harvest area: CON, ALU, and TTI.





	
Scenario

	
Industrial Site

	
Expected Harvestable Rainwater Covering Freshwater Needs (%): 2023–2050 (Average)




	
SSP1/RCP2.6

	
SSP2/RCP4.5

	
SSP5/RCP8.5






	
Increase in water consumption until 2050

	
CON

	
24

	
25

	
24




	
ALU

	
0.98

	
0.92

	
0.93




	
TTI

	
32

	
33

	
30




	
Water consumption capped to 2022 values

	
CON

	
53

	
57

	
55




	
ALU

	
2.19

	
2.07

	
2.09




	
TTI

	
70

	
72

	
64
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Scenario 3:

Harvest area dynamic;

Capped water requirements from 2035;

Treatment efficiency =
RRC =80%;
FWR =70%;

Two first-flush / year.

70%;
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