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Analyzing urban water metabolism of Adama city using water mass balance method for advancing water sensitive interventions
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Urban water metabolism focuses on measuring water inflows and outflows within a defined urban system. As an emerging concept, it provides valuable understandings into water flow dynamics, supporting evidence-based decision-making. One approach to quantify these flows is the urban water mass balance method, which accounts for both human-induced and natural water resources. By equating these flows, it identifies whether water movement within the system is linear or circular. The primary goal of water mass balance analysis is to assess how closely a city aligns with water-sensitive management approaches. However, urban metabolism studies are rare in developing countries, where cities often lack the experience to estimate water inflows and outflows for informed water-sensitive interventions. This study addresses this gap by analyzing Adama city in Ethiopia using the water mass balance method to measure its water metabolism. The result revealed that the city faces a negative water balance with outflows exceeding inflows by 46.89 million cubic meters annually. The results indicated that Adama’s water flow follows a linear “take-make-use-dispose” model. The imbalance in Adama’s water cycle is driven by urbanization, impervious surfaces, and climate change, which increase runoff and evaporation. The study found that 61.3% of the city’s water comes from a centralized system, with 90% sourced from distant rivers through a telecoupling system. In the city, inadequate water harvesting, high population density and intensive water use are worsening water scarcity. Urban water metabolism indicators reveal significant losses and indicating the need for water conservation efforts. Despite the reliance on centralized systems, the study identifies strong potential for decentralized solutions and alternative water harvesting. To tackle these challenges, the research recommends adopting water-sensitive strategies such as low-impact development, sustainable urban drainage systems, and water-sensitive urban design and planning. These approaches can reduce the negative effects of urbanization, mitigate urban water scarcity risks and improve water management through water sensitive management approach. The study also emphasizes the need for collaborative learning, community involvement, and innovative technologies, supported by legal frameworks to ensure effective water wise interventions. Shifting toward circular water management and decentralized water systems will boost Adama’s resilience and promote sustainable water resource management, making the city more internally self-sufficient.
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1 Background of the study

Settlements have always occurred when natural resources were thought to be sufficient to sustain human existence. The physical existence of water is a basic requirement for the development of permanent settlements on Earth. The presence of water has always been considered a critical component in determining where people choose to live since ancient civilizations (IWA, 2024; Juuti et al., 2007). Water is fundamental to many aspects of human existence and economic activity making it an important component of economic and social development. Economic activity and societal well-being are significantly shaped by the water availability and its wise management (Cosgrove and Loucks, 2015). Water is lifeblood of every sector including service, industry, agriculture and urban developments (Zhou et al., 2017; Mugagga and Nabaasa, 2016). Since water is necessary for both maintaining life and attaining long-term economic, social and environmental goals, water and sustainable development goals have always an unbreakable connection (UNICEF, 2023).

In the current context, urban development and spatial expansion trends compromise the protection of natural water cycles by causing over-extraction of fresh water and degradation of watershed landscapes (Cosgrove and Loucks, 2015). The increased impervious pavements such as roads, walkways, parking lots, residential houses, and other impervious pavements are altering the natural hydrological cycles (Chen et al., 2022; Moglen, 2009). Consequently, the hydrological catchments that are crucial to supply water for urban areas are currently stressed (Cao et al., 2022). On the other hand, how urban water flows are changing over time due to rapid urbanization and climate change are still scantly explored (Renouf et al., 2017a). The inflow and outflow of water within urban boundaries are rarely quantified through proper water resource flow accounting or auditing systems. As a result, water resource planning often relies on rough estimates leading to ineffective policies and strategies implementations (Musango et al., 2017).

As a result, addressing the real-world situation requires a water management approach focused on understanding water flow dynamics. This involves quantifying water inflow and outflow, gaining understandings into wise management within the water supply system, understanding consumption patterns, and assessing transformations, including centralized and decentralized water recycling efforts. A contemporary approach that addresses those appealing questions is urban metabolism (Renouf et al., 2017b; Musango et al., 2017). Urban metabolism (UM) serves as an analytical framework designed to measure and track the flow of resources systematically and its primary objective is to provide a comprehensive understanding of how resources are utilized and transformed within an urban landscape (Cui et al., 2019; Musango et al., 2017; Derrible et al., 2021).

Urban metabolism encompasses four core flows including water, materials, energy, and food (Pistoni and Bonin, 2017; Fu et al., 2022). This study focuses on urban water metabolism, which is defined as the process of water flowing through an urban entity, undergoing transformation, and being utilized to sustain the technical and socio-economic activities within the city (Kennedy et al., 2010; Renouf et al., 2017b). Urban water metabolism research provides data-driven understandings that enable practitioners and local governments to make informed decisions regarding water-sensitive interventions and conservation efforts (Renouf et al., 2017a; Serrao-Neumann et al., 2019). In urban areas, water flows are classified into two categories known as anthropogenic and natural flows (Farooqui et al., 2016). Anthropogenic flows are regulated by urban water infrastructure and include activities like water supply consumption, wastewater collection, treatment, recycling and disposal. In contrast, natural flows are those occurring naturally in the water cycle, such as precipitation, stormwater runoff, groundwater infiltration and evapotranspiration (Renouf et al., 2017a; Farooqui et al., 2016). A method for quantifying the inflow and outflow of water inside urban systems is known as the “urban water mass balance.” The concept was first put forth by Kenway et al. (2011) and subsequently improved upon by Renouf et al. (2017a).

This holistic conceptualization of urban water flow enables the generating of valuable understandings into the metabolic performance of cities, essential for informing urban and regional planning. Estimating the urban water mass balance provides critical understandings for identifying diverse water harvesting opportunities and determining whether the water flow follows a linear or circular metabolism (Renouf et al., 2017a). Above all, identifying and measuring water resource flows in urban areas is important element to establish water sensitive cities. A “water-sensitive city” symbolizes an urban water management approach focused on strengthening resilience, sustainability, and overall well-being. A water sensitive city promotes a transition in urban water management from simply focusing on supply and wastewater disposal to flexible systems that incorporate multiple water sources, blend centralized and decentralized methods, and provide a variety of community water services (Renouf et al., 2017a). These cities serve as vital catchment areas for water resources, supporting ecosystem health and fostering safe, natural environments. Additionally, it fosters communities that actively engaged in water-related decision-making processes. Water sensitive city is based on three principles called city as water supply catchments, cities providing ecosystem services, and water-sensitive communities (Wong and Brown, 2009).

According to Wong and Brown (2009) the principle of city as water supply catchments emphasizes that urban areas can be self-sufficient by generating alternative water sources within their boundaries by supplementing traditional sources. The principle of cities providing ecosystem service indicates urban areas potential to enhance urban ecology by protecting water bodies, integrating green infrastructure, enacting water-conscious planning, and encouraging public participation in maintaining urban environments. The principle of water-sensitive communities promotes a water-conscious mindset and culture. These communities improve attitudes toward water conservation by embracing diverse alternative sources such as rainwater, stormwater runoff, greywater, and recycled wastewater. By raising awareness, they play a vital role in sustainable water management through water wise consumption and conservation practices.

Meanwhile, water-sensitive interventions are strategies implemented for the realization of water sensitive city visions (Wong et al., 2020). According to Renouf et al. (2017a), these interventions aim to enhance water efficiency and broaden water sources in cities through two key concepts including supply internalization and supply diversification. Supply internalization seeks to reduce dependence on external water sources by fostering local supply capabilities within urban boundaries. Supply diversification involves the integration of alternative water sources such as surface water, groundwater, roof water harvesting, and recycling to enhance resilience and sustainability. Sustainable water resource management in urban areas is a common aim for both water-sensitive interventions and urban metabolism. By blending these approaches, policymakers and urban planners can develop water management plans that are more sustainable.

Empirical evidence underscores the necessity for urban centers to embrace the concepts of urban metabolism, water mass balance analysis, and innovative water-sensitive interventions to transition from traditional water supply methods to integrated systems. This shift, blending centralized and decentralized water flows holds potential for enhancing water sensitive urban water management practices (Renouf et al., 2017a; Wong and Brown, 2009; Musango et al., 2017). However, current government planning policies and implementation strategies often lack integration of urban water metabolism with water sensitive planning. Moreover, in most countries, urban metabolism knowledge remains disconnected from policymakers’ toolboxes (Serrao-Neumann et al., 2017). Notably, urban metabolism studies and implementation practices predominantly focus on developed countries, neglecting developing countries due to data scarcity (Teshome Tefera Tola and Wegayehu, 2019). There is limited knowledge and effort in developing countries to adopt urban water metabolism frameworks as strategic decision support systems in urban and regional planning practices (Zhang et al., 2015).

Currie and Musango (2017) indicated that research on water metabolism in developing countries, particularly in Africa, is scant and there is still limited understanding how water flows in the urban landscape. Consequently, today there are practical reasons for studying urban water mass balance of developing countries and the same is true for Ethiopia and Adama city. Hence, this study addresses the understanding of how the anthropogenic and natural water resource flows in the Adama city boundary as case study. The study uses an urban water metabolic framework as guiding framework and urban water mass balance method as quantification method to measure the system and type of urban water flow. The objectives include estimating water flows, measuring the city’s metabolic performance, and proposing alternative water sources aligned with water-sensitive interventions.

This research was motivated by several key factors. First, water flow characteristics vary significantly across different locations due to the influence of watershed features, land use patterns, urban development, and local attitudes toward water conservation. This underlines the importance of context-specific research to inform adaptive, water-sensitive management practices, particularly through water mass balance analysis. Second, in developing countries, urban metabolism studies remain unexplored. Urban centers often lack the tools to estimate water inflows and outflows within their system boundaries, which is crucial for effective urban water management. Thirdly, the urban water mass balance framework, originally developed by Kenway et al. (2011) and later refined by Farooqui et al. (2016) and Renouf et al. (2017a), still faces challenges in adapting to local contexts, especially when grassroots data is limited. This research employs an approach that integrates both top-down and bottom-up data collection methods to provide a more accurate and adaptable analysis.



2 Materials and methods


2.1 Description of the study area

Adama, one of the fastest-growing urban centers in Ethiopia, is located 99 km southeast of Addis Ababa, the capital of both Ethiopia and Africa. Known for its role as a transport hub, tourism destination, conference center, and industrial location, Adama lies at 8.54°N latitude and 39.27°E longitude, with an average elevation of 1,712 m above sea level. The city’s semi-arid to sub-humid climate features distinct rainy and dry seasons, with average annual temperatures between 19°C and 22°C and an average of annual rainfall of 897.9 mm. With a population of 431,442 and an annual growth rate of 4.6%, Adama covers an area of 31,304 hectares (Figure 1).
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FIGURE 1
 Location map of Adama city.




2.2 Method to characterize the hydro climatology of Adama city

This study utilized gridded climate data on rainfall, temperature, and evaporation from the Ethiopian Meteorological Institute (EMI) to analyze the seasonal hydroclimatic characteristics of Adama city. The primary sources included the Enhancing National Climate Services Time Series (ENACT) datasets, renowned for their spatial resolution of 4 × 4 km, covering the period from 1981 to 2022. The ENACT rainfall dataset was meticulously compiled by integrating quality-controlled data from Meteorological Stations with rainfall estimates derived from Tropical Applications of Meteorology using Satellite (TAMSAT). Temperature data, on the other hand, were synthesized from station data and Moderate Resolution Imaging Spectroradiometer (MODIS) satellite Land Surface Temperature (LST) estimates, alongside a digital elevation model. Both the ENACT rainfall and temperature datasets utilized for climate trend analysis were sourced from the Ethiopian Meteorological Institute (EMI).



2.3 Method to quantify the urban water mass balance

Quantifying urban water mass balance involves four key steps including (1) defining the system boundary, (2) identifying inflows and outflows, including anthropogenic and natural water sources, (3) calculating the mass balance, and (4) assessing the city’s water metabolism performance. The following section details each step.


2.3.1 Method to determine urban system boundary

Kenway et al. (2011) underscore the significance of delineating the boundaries of the urban water source flow system in studies concerning urban metabolism. According to Musango et al. (2017) establishing the urban system boundary provides a comprehensive understanding of the origins and destinations of water resource flows. In this regard, in this study factors such as watersheds, peri-urban areas and existing administrative boundaries were taken into account during system boundary delineation. Remote sensing techniques and Geographic Information Systems (GIS) were utilized to delineate the system boundary (Figure 2).

[image: Figure 2]

FIGURE 2
 Water flow urban system boundary of Adama city.




2.3.2 Method to collect data for anthropogenic water flows

Anthropogenic data, including population figures, details on centralized and decentralized water supply systems, and other relevant parameters were collected from diverse secondary sources and primary data collection systems. Vital information on anthropogenic water flows and consumption patterns primarily were originated from the Adama city water consumption database. This database provided a wide array of water utility records, encompassing residential, commercial, industrial, and service-related data. Additionally, city-level water consumption reports, scholarly journals, official publications and data obtained from central statistical sources were used (Table 1).



TABLE 1 Type and sources of data for water mass balance estimation.
[image: Table1]



2.3.3 Method to collect data for natural water flows

Natural water flow components were estimated using a hybrid approach that combined hydrological modeling with an analysis of historical records. This included an in-depth review of historical hydrological data to identify trends and variations in natural water flows over time. By integrating these methods, estimates were made for precipitation, runoff, evapotranspiration, infiltration, and changes in water storage (Table 1). The following section outlines the detailed steps for estimating runoff, evaporation, infiltration, and changes in storage, followed by the method for calculating the overall water mass balance.


2.3.3.1 Estimation of runoff using SCS-CN method

The SCS-CN method is widely acknowledged empirical approach for estimating surface runoff (Satheeshkumar et al., 2017; Lee et al., 2023; Ara and Zakwan, 2018). To estimate runoff, initially nine distinct watersheds corresponding to nine outlets were identified through watershed delineation using ArcGIS (Figure 2). This delineation enabled the calculation of runoff specific to each watershed. The second step was preparing hydrological soil groups, which are essential for runoff estimation. The hydrological soil group of the city was determined using The U. S. Department of Agriculture (USDA) Soil Conservation Service Classification method (USDA-SCS, 1986) (Equations 2.3–2.5). Based on their hydrological properties, soils of the city were categorized and assigned to the appropriate hydrological soil groups (Table 2 and Figure 3).



TABLE 2 Hydrologic soil (HSG) and their implication for runoff estimation.
[image: Table2]
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FIGURE 3
 Hydrological soil type map of Adama city. Source: FAO GIS dataset, 2014.


The preparation of data on land cover and use was the third step. Figure 4; Table 3 present a detailed categorization of land use classifications and their corresponding impervious surface properties. By combining the variables including, land use characteristics and hydrological soil groups, the SCS curve number approach was utilized to generate estimated runoff.

[image: Figure 4]

FIGURE 4
 Land cover land use of Adama city (2022/23).




TABLE 3 Land use land cover and their curve numbers.
[image: Table3]

The Soil Conservation Service Curve Number (SCS-CN) method is formulated based on the water balance equation, taking into account key parameters such as total precipitation (P), initial abstraction (Ia), cumulative infiltration (F), and the coefficient for potential maximum retention (S) and initial abstraction (λ), where the standard value for λ is set at 0. 2.
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By combining Equations 2.1, 2.2, the overall runoff equation is derived as follows:
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where,

• Q Runoff (mm).

• P Rainfall (mm).

• S Potential maximum retention (mm).

• Ia Initial abstraction.



2.3.3.2 Weighted CN estimation method

Based on the hydrological soil group, the curve number of each land use class was assigned. Next to this step the weighted curve number of each watershed was determined. The process of summing the product of the curve numbers and its fraction of the total catchment area was performed. This procedure was used by Cayson et al. (2019), Adham et al. (2014) and Satheeshkumar et al. (2017). The equation to estimate the weight curve number is given in Equation 2.6.

[image: image]

where,

• CNw = weighted curve number.

• Ai = area with the curve number, CNi.

• A = total area of the watershed.



2.3.3.3 Potential evapotranspiration estimation method

The Hargreaves-Samani approach, which uses temperature data as a basis, is one popular technique for calculating PET. Accordingly, this study was employed Hargreaves-Samani approach to estimate PET of the city (Equation 2.7).

[image: image]

where

• PET is the potential evapotranspiration in millimeters per day.

• Ra is the extraterrestrial radiation per square meter per day.

• Tmax is the daily maximum temperature in degrees Celsius.

• Tmin is the daily minimum temperature in degrees Celsius.

• Tave is s the average temperature, calculated as (Tmax + Tmin)/2.



2.3.3.4 Infiltration estimation method

In hydrology, effective rainfall is a commonly used technique to compute infiltration. Effective rainfall is the quantity of precipitation that, after various abstractions and losses, contributes to runoff or soil infiltration (Farmwest, 2024). Effective rainfall is combined with the Soil Conservation Service’s (SCS) Curve Number approach to estimate runoff and infiltration. The infiltration estimation method is mathematically expressed (Equation 2.8).
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where,

• ER is effective rainfall

• P is the total precipitation

• Ia is an initial abstraction

Infiltration is the difference between effective rainfall and runoff in a watershed (Equation 2.9)

[image: image]

Where,

• I is infiltration

• P is the total precipitation

• Ia is an initial abstraction

• R is runoff




2.3.4 Method to estimate water mass balance

The methodology employed to calculate the water mass balance involves utilizing the framework of Kenway et al. (2011) which underwent further refinement by Farooqui et al. (2016) and Renouf et al. (2017a). The general water mass balance of Adama city is framed by Figure 5.

[image: Figure 5]

FIGURE 5
 Water mass balance components adopted from Kenway et al. (2011).


The water mass balance operates under the assumption of a steady state, where the sum of all input water flows (Qi) equals the sum of all output water flows (Q0) (Berndtsson et al., 2016) (Equation 2.10).
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where

Qi is the sum of all inputs and Qo is the sum of all outputs (including losses). Furthermore, Water stored within the urban entity can be formulated by Equations 2.11, 2.12.
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where,

ΔS = Water stored or utilized by different subsystems

P = Precipitation or rainfall

Cg = Centralized groundwater supply

Cs = Centralized surface water supply

Dr = Decentralized rainwater supply

Dg = Decentralized groundwater supply

Ds = Decentralized surface water supply

Rw = Recycled water

ET = Evapotranspiration

W = Wastewater flow

Rs = Stormwater runoff

G = Groundwater infiltration

Cufw = System loss/leakages



2.3.5 Method to measure urban water metabolic performance

Renouf et al. (2017a) proposed several indicators for evaluating urban water metabolism performance, including population and water use intensity, the degree of water system centralization, rainfall potential, wastewater reuse potential, stormwater harvesting potential, and total water use replaceability (%). Table 4 lists the suggested indicators.



TABLE 4 Urban water performance indicators.
[image: Table4]





3 Results and discussion


3.1 Hydrometeorological trend and its implication for water sensitive intervention


3.1.1 Annual hydrometeorological trend

The gridded precipitation climate data was aggregated to generate annual and monthly rainfall Precipitation dataset spanning 28 years (1982–2022) reveals that the city experienced a mean annual rainfall of 839.44 mm over this period. Notably, the city recorded a minimum rainfall of 461 mm in 1985 and a maximum of 1,120 mm in 2011. Leta et al. (2024) reported that the annual average rainfall of Adama city was approximately 866.25 mm. Hirko et al. (2020) also reported that the annual minimum and maximum rainfall ranges from 678.1 mm to 973.5 mm over the years. Bulti et al. (2021) conducted the analysis of extreme precipitation over 2021–2070 and indicated that extreme precipitation can increase up to 49.5%. The present result showed that in Adama, most of the rainfall occurs between June and September with July and August being the wettest months (Figure 6). The findings indicated that rainfall ranges from a minimum of 6.19 mm in December to a maximum of 218.90 mm in July. Weather and Climate (2024) reported that the majority of monthly rainfall occurs in August and September, with August being the wettest month, receiving 136 mm of precipitation. December, the driest month, sees just 5 mm of rainfall while the dry periods extend through January, February, November and December. The implication of the precipitation analysis reveals that there are possibility of flood occurrence and the city needs flood protection strategies that may include construction of additional drainage system.

[image: Figure 6]

FIGURE 6
 Average monthly precipitation (1982–2022).


The results indicate that both the yearly average maximum and minimum temperatures exhibit fluctuating variations. Additionally, the result revealed a slight increase in the annual average maximum temperature since 2018 (Figures 7, 8). The result indicates that the average annual maximum temperature is 28.42°C, while the minimum is 14.44°C. Similarly, Weather and Climate (2024) reported a comparable figure, with an average annual maximum of approximately 29.7°C and a minimum of around 13.1°C.

[image: Figure 7]

FIGURE 7
 Average annual minimum temperature (1982–2022).


[image: Figure 8]

FIGURE 8
 Average annual maxim temperature (1982–2022).




3.1.2 Seasonal hydrometeorological characteristics

This study measured the average seasonal spatial rainfall distribution across Ethiopia, focusing on three key seasons. During the “Kiremt” (June to September), the main rainy season, rainfall ranged from a minimum of 496.7–524.14 mm per season to a maximum of 589–615 mm. In the Belg season (March to May), known for its short and sporadic rains, the minimum rainfall ranged from 152.03 to 161.9 mm, with a maximum between 181.2 and 187.9 mm per season. Conversely, in the Bega season (October to January), characterized by dry conditions, the minimum rainfall varied from 47.9 to 51.4 mm, while the maximum ranged from 60.2 to 63.5 mm per season (Figure 9). Hirko et al. (2020) similarly reported that in Adama, the average rainfall during the Kiremt (rainy season) can reach up to 450 mm.

[image: Figure 9]

FIGURE 9
 Spatial distribution of seasonal rainfall distribution of Adama city. Source: Ethiopian metrology agency (2023).


The result also revealed that the distribution of evapotranspiration in Kiremt (rainy season), revealing a range from a minimum of 659–688 mm/day to a maximum of 795–834. In the Belg season (short and sporadic rains) the evapotranspiration fluctuates between 779 and 803 mm/day to 870–893 mm/day. Conversely, during the Bega (dry season), maximum evapotranspiration falls within the range of 679–699 mm/day with a peak ranging from 756 to 776 mm. Growing literatures witnessed that the seasonal variation in potential evapotranspiration alongside temperature changes, directly and indirectly affects water availability and consumption patterns. Nie et al. (2022) highlight that estimating potential evapotranspiration in a given area is a key factor in understanding the water cycle and developing future intervention strategies. Similarly, Yadeta et al. (2020) emphasize that changes in the quantity and spatial extent of evapotranspiration can significantly impact surface and groundwater characteristics.




3.2 Measuring water mass balance using natural and anthropogenic water flows

The city’s water mass balance was evaluated by incorporating all water inflows (Table 5) and outflows (Table 6) into the water mass balance equation (Equations 2.11, 2.12). The assessment shows that the total inflow is approximately 290.51 million cubic meters, while the total outflow is about 337.45 million cubic meters. This results in a negative urban water mass balance of −46.89 million cubic meters per year.
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TABLE 5 Inputs water flow of Adama city for the years in 2022/2023.
[image: Table5]



TABLE 6 Output water flow of Adama city for the years 2022/2023.
[image: Table6]

The water mass balance quantification reveals a negative storage change of approximately 46.89 million m3 per year. According to Renouf et al. (2017a) and Kenway et al. (2011), a negative change occurs when water outflow exceeds inflow within an urban system. This reduction in water availability is attributed to factors such as urbanization, increased impermeable surfaces, landscape degradation, and climate change (Renouf et al., 2017a). Additionally, O’Geen (2013) indicated that increased evaporation, subsurface lateral flow, deep infiltration and runoff contribute to this negative storage change. The negative storage change indicates that urban water flow follows a linear model with increased outflow due to a lack of internal water harvesting systems, reflecting shortcomings in circular metabolism practices. This suggests the city fails to align with the “city as water supply catchment” principle. According to Wong and Brown (2009) adopting circular metabolism through different alternative water harvesting methods can help cities become self-sufficient water catchments that can potentially generate alternative water sources within their boundaries.



3.3 Measuring urban water metabolic performance of Adama city

The results in Table 7 indicate that Adama city’s population density is estimated at 13,685.5 people/km2, classifying it as a very high-density urban center. According to Matt (2019) urban areas with a population density of 1,501 people/km2 or more are considered very high-density. This elevated population density has significant implications, including an increasing demand for water each year. The intensity of water uses 86,261 m3/km2 implies the need for water wise management via water sensitive community technology and spatial planning.



TABLE 7 Population and water use intensity.
[image: Table7]

Table 5 shows that the centralized water supply in Adama city is estimated at 16.6 million cubic meters per year, while the decentralized supply is 10.66 million cubic meters per year. Table 8 further indicates that the ratio of centralized to total water supply (centralized and decentralized) is 61.3%. This demonstrates a high level of centralization in Adama’s water supply system.



TABLE 8 Centralized supply replaceability/supply substitution of alternative sources (2022/2023).
[image: Table8]

Table 8 indicates that if all precipitation were harvested, it could replace the centralized water supply by 1,582.8%. Similarly, runoff has the potential to substitute 437.9% of the centralized water supply. Wastewater production could replace 1,452.3%, while avoiding system losses would provide a 17.5% substitution potential. If all available wastewater, precipitation, and runoff were utilized, the centralized water supply could be replaced by 2,145%.

Table 9 indicated that total precipitation has the potential to substitute 973% of both centralized and decentralized water supply. This suggests that the volume of precipitation significantly exceeds the current water supply, highlighting the city’s potential for roof water harvesting. Additionally, runoff has the potential to replace 268.8% of the combined water supply, indicating that urban runoff can serve as an alternative water source. The results also show that improving system losses could lead to a 10.55% reduction in overall water supply needs. Furthermore, if all available wastewater and precipitation were utilized, the centralized and decentralized water supply could be replaced by 1,574%.



TABLE 9 Total use replaceability/supply substitution of alternative sources (2022/2023).
[image: Table9]




4 Conclusion and recommendation

Quantifying urban water mass balance provides key benefits for water-sensitive interventions. It establishes a baseline fact for both natural and anthropogenic water flows that can reinforce the understanding of water flow dynamics in urban landscape. By measuring water inflows and outflows, decision-makers gain precise data to guide their urban water management actions. Such findings can reveal how urbanization affects water flows while also identifying areas of water loss for targeted conservation efforts. Ultimately, urban water metabolism information derived from water mass balance are crucial to implement water sensitive interventions to improve the current and future water supply problems.

In conclusion, Adama city’s water mass balance indicates a significant challenge, with a negative change of −46.89 million cubic meters per year due to urbanization and inadequate water harvesting systems. The high population density and water use intensity underscore the urgent need for efficient water management strategies. Despite the city’s reliance on centralized water supply (61.3%), there is substantial potential for decentralized sources and alternative water harvesting. By adopting circular water management and treating the city as its own water catchment, Adama can transition into a water-sensitive city. This transformation would involve fostering water-sensitive communities, technologies, legal frameworks, and spatial planning. Based on the facts obtained, this research recommends the following water-sensitive strategies.


4.1 Implementing household and institutional based roof water harvesting

To capitalize on favorable rainfall conditions, it is essential to promote roof water harvesting systems at both household and institutional levels. Given their larger roof areas, industries, service institutions, and commercial establishments are well-positioned to adopt this technology. Encouraging these sectors to implement roof water harvesting can significantly enhance water conservation and contribute to sustainable water resource management.



4.2 Enhancing circular stormwater management via water sensitive urban design

The circular metabolism is one of the emerging water sensitive city management approaches where all water wastes are considered as potential sources. The system can be supported by improving the design though urban design elements such as by providing permeable pavements, providing an integrated blue and green infrastructure.



4.3 Adopting water-efficient appliances

The traditional view of water as an unlimited resource is no longer valid. The reality today highlights water scarcity, making water-saving practices essential. To enhance water availability at both institutional and household levels, the adoption of water-efficient appliances such as flow regulators, sensors, and the promotion of a water conservation mindset should be integral to water-sensitive intervention strategies.



4.4 Integrating water sensitive water management in to urban land use planning

One of the most effective ways to establish water-sensitive management practices is by adopting a nature-based planning approach that integrates water-sensitive land use planning. This approach should focus on promoting water-sensitive urban development through strategies like Low-Impact Development, Sustainable Urban Drainage Systems, and Water Sensitive Urban Design and Planning. These strategies prioritize integrated water management, flood risk mitigation, water conservation, and the use of green infrastructure. Collaborative learning, community involvement, and innovative technologies are crucial for transitioning toward sustainable, water-resilient cities.
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