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Abstract

:

The paper deals with the condition assessment of water management infrastructures such as storage facilities, water mains and water distribution facilities. The objective is to develop a methodology able to provide a fast, simple assessment of present asset condition, that can also be used for predicting future conditions under different investment scenarios. The authors investigate the use of different methodologies to assess condition with focus on simple, indirect condition indices based on maintenance records, such as Infrastructure Value Index (IVI) and Asset Sustainability Index (ASI). The novelty of the approach presented is the development of a methodology that combines an asset inventory together with maintenance data, that can be integrated hierarchically, delivering an assessment of condition of elements, assets and groups of assets in a bottom-up fashion. The methodology has been applied to a group of water management infrastructures of the Segura River Basin in Spain. The main conclusion is that the proposed methodology allows to assess assets’ sustainability based upon past and current trends in operation and maintenance budgets, providing a baseline for planning future maintenance actions.
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1. Introduction


Providing water supply for irrigation and urban use in a reliable manner begins at the raw water infrastructure level system. The mission of this system is to deliver access to water with enough quantity and quality levels, under variable hydrologic conditions, while accounting for regulatory and institutional context and operation and maintenance requirements. In addition, the system shall meet current and future, long-term, demand forecasts [1,2].



Organizations managing water infrastructures have to make decisions regarding what new infrastructures are needed, which ones should be renewed, rehabilitated or decommissioned and what maintenance activities should be performed, and when. In the case of state-owned infrastructures, provision of economic resources should be included in the State’s General Budget. The budget availability is conditioned by the existing regulatory framework, which may include provisions for the calculation of water tariffs and indications on what part of the operation and maintenance costs should be transferred to users through the tariffs [3,4,5].



To illustrate the relationships between the different elements of the infrastructure system, a causal loop diagram adapted from Schneider et al. [6] is shown in Figure 1. The sources for investment may come from the State’s general budgets but also from the users, embedded as a part of the water tariffs.



A gap between the actual and the needed expenditure in water management infrastructures has been identified and widely recognized [7,8,9,10,11,12] despite the fact that they are considered as critical infrastructures, that have to be managed through their whole technical life-cycle, assuring a desired level of service and risk [13,14,15,16,17,18]. The literature review shows that there is an extensive development on asset management for water distribution networks [19,20,21,22] but less for primary, raw water infrastructure, including dams and large water conveyance infrastructures [23].



Two key inputs are needed for effective asset management: the asset inventory and the assessment of asset condition.



The asset inventory is the baseline to develop any life-cycle approach to determine the optimal timing for investment [24,25]. One of the problems encountered to apply asset management methodologies is the lack of sound databases [26] and the lack of standardized formats [27,28].



The second key input is the asset condition assessment, as the likelihood of failures related to service and safety levels increases if condition is not adequately identified [29,30,31]. The problem of deterioration in water distribution networks has been studied by different authors, concluding that extensive parts of existing distribution systems need repair and that those systems needing repair are performing below the acceptable standard [32,33,34,35,36].



The assessment of asset condition can be addressed using different approaches. The first approach is the on-line continuous monitoring of condition-related indices of the components of the asset [37]. The main disadvantage of applying this approach is the lack of information available in practice. Another approach is the off-line regular measurements that provide direct or indirect information about condition [38,39]. These techniques are costly and are usually applied when there is a sign of failure. Another possibility is the indirect approach, using operational parameters that are measured in combination with a set of physical and environmental factors to derive condition indices to get insight on the level of deterioration [40]. An alternative approach is to assess condition based on the statistical data of failures and incidents [19,41,42]. Yet, where failures are rare, as it is the case of dams and canals, this method is difficult to apply.



A simplified indirect approach based on asset age and current asset value assessment can be adopted. Many methods of valuing assets are available, including the book value, the written down replacement cost and the market value [43]. A value-based asset condition index is the Infrastructure Value Index (IVI) [44]. Another simplified indirect approach is based on investments on maintenance, repair and rehabilitation, which are compared with the theoretical investments that should have been spent to keep the asset in optimal condition. This comparison is spread through the full life cycle of the infrastructure. This is the concept behind the Asset Sustainability Index (ASI) [45]. The main advantage of these simplified approaches is that they are not asset-specific, and therefore can be applied to a wide variety of typologies. They use estimations of asset value to generate estimations of asset condition, therefore, it is important to know the value of hydraulic infrastructures as assets. Examples of applications of these indices and results obtained can be found in [46,47,48].



This paper focuses on the definition of an inventory of water management assets and on the application and comparison of two approaches to assess asset condition: one based on asset value, IVI, and another based on past maintenance investments and maintenance backlog, ASI. Water infrastructures operated by Segura River Basin authority in Spain are used as case study.



It has been found that the hierarchical structure proposed is adequate to arrange existing information, enabling the calculation of condition indices at different levels of the hierarchy. The indices have been used to get estimates of future condition under different scenarios of investment efforts. In general, good agreement between the two indices used has been found in the prognosis, which provides a more robust basis to inform decisions on asset renewal and maintenance planning. A sensitivity analysis has been performed to address uncertainty in the estimation of one critical aspect, which is the theoretical amount needed for maintenance, as this amount should be defined by the owner according to the organization’s experience and current best practices in the industry. It has been found that using the two indices simultaneously is useful in supporting the decision on what maintenance strategy should be followed in the long term. These indices can also be used to make a preliminary appraisal of the impact of different maintenance strategies on water tariffs.




2. Materials and Methods


2.1. Methodology


2.1.1. Asset Inventory Development


To develop the asset inventory and database structure, a thorough investigation was conducted to track how the information on past investments on renewal, rehabilitation and maintenance had been recorded and managed in the organization in recent decades. As a result of this extensive, lengthy field survey, an asset inventory structure has been proposed, that allows to ease the transfer of information from existing software and paper-format databases.




2.1.2. Asset Hierarchy


The asset inventory is based on a hierarchical structure of the River Basin assets, with four different levels, in a top-down decomposition scheme. The higher level on top or first level is the Operational System (OS) followed by a second level called the Operational Sub-Systems (OSS), a third level called the Assets and a fourth level called the Elements.



An OS comprises the hydrological, infrastructure and water demand dimensions over a certain part of the territory. Each OS in turn can be divided into one or more OSSs, each with their own hydrological, infrastructure and water demand dimensions. Each OSS can be managed independently.



At the Asset Level, the following classification of assets is considered: Storage, Diversion and Flood Protection Facilities, Water Wells, Water Conveyance Facilities, Water Distribution Facilities, Wastewater Treatment Plants and the River Basin’s Hydrologic Information System.



Each asset is further decomposed (fourth level) into one or more different elements that may fall into one of 6 possible types: (1) civil works, (2) electromechanical equipment, (3) electrical equipment, (4) instrumentation equipment, (5) building facilities and (6) access roads. The proposed structure is flexible and is ready to be decomposed into lower levels with more detail in the future, if the organization targets the implementation of asset management practices on a more mature approach. The proposed hierarchical structure is shown in Table 1.



The following set of Equations (1)–(3) describes the logic of the four-level structure proposed, where indices: i, j, k, l are the identification indices for first, second, third and fourth level, respectively. A river basin will be divided into a number of i Operational Systems, OSi, each of them divided into j Operational sub-systems, OSSi,j, where each of them is in turn formed by several k assets, Ai,j,k. Each asset is formed by l different elements, Ei,j,k,l.


OSi=∪jOSSi,j



(1)






OSSi,j=∪kAi,j,k



(2)






Ai,j,k=∪lEi,j,k,l



(3)








2.1.3. Asset Inventory Database Structure


For effective use of existing information on past investments on asset renewal, rehabilitation, repair and maintenance in the assessment of asset condition, the following arrangement for the database structure is created. Based on the information needed for the calculation of asset condition indices that is shown in the next sections, the structure summarized in Table 2 is proposed.





2.2. Asset Condition Assessment


2.2.1. Value-Based Condition Assessment of Assets


The first index used is the Infrastructure Value Index, IVI(t), based on the concept of asset value, and proposed by Alegre et al. [44]. IVI(t), at a given time, t, is the ratio between the current value of an infrastructure at time t, ICV(t), and the replacement cost on modern equivalent asset basis at time t, IRC(t), excluding the salvage value, as shown in Equation (4).


IVI(t)=ICV(t)IRC(t)



(4)







ICV(t) for a given year is estimated assuming a linear depreciation model, the theoretical and actual cumulative budgets in maintenance and a certain salvage value. The model assumes a reference year and constant costs [44]. Reductions in the remaining service life with respect to the expected service life will reduce the infrastructure value. ICV(t) can be estimated at any given year, t, by Equation (5):


ICV(t)=IRC(t)SLR(t)SLE



(5)




where SLR(t) is the Service Life Remaining at time t, in years, and SLE is the total Service Life Expected for the infrastructure analyzed, in years. As the information on past investments is available at Level 4 of the asset inventory, i.e., the element level, the value index of any element, IVI_Ei,j,k,l(t), can be obtained with Equation (6):


IVI_Ei,j,k,l(t)=SLR_Ei,j,k,l(t)SLE_Ei,j,k,l



(6)




where SLR_Ei,j,k,l(t) is the Service Life Remaining of element Ei,j,k,l at time t, and SLE_Ei,j,k,l is total Service Life Expected of element Ei,j,k,l. As stated by Alegre et al. [43], IVI can be seen as a weighted average of the residual lives of the infrastructure components, where the weights are the component replacement costs. Therefore, it is possible to derive IVI values at Asset level, IVI_Ai,j,k(t), as shown in Equations (7):


IVI_Ai,j,k(t)=∑l(RC_Ei,j,k,l(t)⋅IVI_Ei,j,k,l(t))∑lRC_Ei,j,k,l(t)



(7)




where RC_Ei,j,k,l(t) is the replacement cost of element Ei,j,k,l at time t. Using this recurrent expression, IVI values at the Operational Sub-system at time t, IVI_OSSi,j(t), can be obtained with Equation (8):


IVI_OSSi,j(t)=∑k(RC_Ai,j,k(t)⋅IVI_Ai,j,k(t))∑kRC_Ai,j,k(t)



(8)




where RC_Ai,j,k(t) is the replacement cost of asset Ai,j,k at time t. Similarly, IVI value at the Operational System at time t, IVI_OSi(t), can be obtained with Equation (9):


IVI_OSi(t)=∑j(RC_OSSi,j(t)⋅IVI_OSSi,j(t))∑kRC_OSSi,j(t)



(9)




where RC_OSSi,j(t) is the replacement cost the whole operational sub-system OSSi,j at time t.



The IVI values of mature, well-maintained infrastructures should be in the vicinity of 50% (40–60%). Higher values point towards one of the following situations: (1) young infrastructures; (2) old infrastructures subject to a recent and significant expansion phase; (3) old infrastructures subject to over-investment in rehabilitation. IVI values below 0.4 reflect accumulated lack of capital maintenance [43]. To help in the interpretation of the results obtained in the following sections it is worth noting that, according to this model, a perfectly maintained infrastructure would have a linear IVI decreasing from 1 at commissioning year to a value of 0.4 at the end of the service life.




2.2.2. Maintenance-Based Condition Assessment of Assets


The second index used is the Asset Sustainability Index, ASI(t), which is defined as the ratio between the Cumulative Amount Budgeted for infrastructure maintenance and preservation over the whole life-cycle of the infrastructure, evaluated at time t, CAB(t), and the total Amount Needed to achieve a specific infrastructure condition over the whole life-cycle of the infrastructure, AN, as shown in Equation (10). The amounts shall include all maintenance actions that contribute to retain the asset in, or to restore the asset to, a certain state, which is the target [44].


ASI(t)=CAB(t)AN



(10)







For a given time, t, the cumulative amount budgeted, CAB(t), is the sum of two terms. The first term is the sum of past investments accomplished between the time of commissioning of the infrastructure and the year of evaluation, t. The second is the sum of future expected or planned investments between time t + 1 and end of service life year, N. The backlog in investment is defined as the difference between the amount needed and the amount budgeted, and it is reflected in the calculation of CAB(t). As the information on investments is available at Level 4 of the asset inventory, i.e., the element level, the asset sustainability index of any element, ASI_Ei,j,k,l(t), can be obtained with Equation (11):


ASI_Ei,j,k,l(t)=CAB_Ei,j,k,l(t)AN_Ei,j,k,l



(11)




where CAB_Ei,j,k,l(t) is the Cumulative Amount Budgeted for element Ei,j,k,l evaluated at time t, and AN_Ei,j,k,l is total Cumulative Amount Needed during the service life for element Ei,j,k,l. Similarly, for a certain Asset, Ai,j,k, the asset sustainability index can be calculated with Equation (12):


ASI_Ai,j,k(t)=CAB_Ai,j,k(t)AN_Ai,j,k



(12)







Taking into account that the cumulative amount budgeted for a certain asset is the sum of the cumulative amounts budgeted for its component elements and that the amount needed is the sum of the amounts needed for its component elements, Equations (13) and (14) can be written.


CAB_Ai,j,k=∑lCAB_Ei,j,k,l



(13)






AN_Ai,j,k=∑lAN_Ei,j,k,l



(14)







Combining Equations (11) to (14), the following relationship holds:


ASI_Ai,j,k(t)=∑l(AN_Ei,j,k,l⋅ASI_Ei,j,k,l(t))∑lAN_Ei,j,k,l



(15)







The sustainability index at the asset level defined by Equation (15) can be understood as a weighted average of the sustainability indices of its components, where the weights are the total amounts needed for the components. Similar expressions are derived for calculation of the sustainability index at the Operational Sub-system and Operational System levels, as shown by Equations (16) and (17)


ASI_OSSi,j(t)=∑k(AN_Ai,j,k⋅ASI_Ai,j,k(t))∑kAN_Ai,j,k



(16)






ASI_OSi(t)=∑j(AN_OSSi,j⋅ASI_OSSi,j(t))∑jAN_OSSi,j



(17)







A qualitative correlation between ASI and asset condition is defined in Table 3 [45]. To help in the interpretation of the results obtained in the following sections it is worth noting that, according to this model, a perfectly maintained infrastructure without any backlog would have a linear, constant ASI value of 1 throughout the service life.





2.3. Investigation of Case Study


Part of the infrastructures owned and operated by the Segura River Basin Authority in Spain have been used as a case study. The Segura River basin is located on the south-east part of Spain, as shown in Figure 2, with an extension of 20,234 km2.



The average annual rainfall is 385 mm, very unevenly distributed both in space and time. The western part of the river basin corresponds to mountainous areas with maximum elevation of 2000 m above sea level, where most of the rainfall is concentrated, with annual rainfall of 500–1000 mm. The south-eastern part is mostly formed by alluvial plains, draining into the Mediterranean Sea, with annual rainfall below 300 mm. Climate is mild with annual potential evapotranspiration of 993 mm. Average runoff is the lowest in Spain, with a value of 43 mm/year. The main river is the Segura river, with a length of 260 km and annual mean discharge volume of 700 Mm3. The rest of the drainage network is formed by creeks that are dry most of the year, except after events of heavy rainfall. Population in the Segura River Basin is 2,200,000 people. Total water available, including ground water, desalination, reuse and water transfers from other river basins is 1566 Mm3 per year, while total water demand is 1843 Mm3 per year, resulting in an average deficit of 277 Mm3 per year. Agricultural land area is 7720 km2, of which 3865 km2 is irrigated. The operation of the raw water systems in Spain is organized as follows. River basins are divided into one or more independent Operational Systems (OS). Each OSS includes a variety of infrastructure assets (A), including dams, water wells, channels, pipes, pump stations and wastewater treatment plants. The Segura River Basin includes only one OS, divided into 5 different OSS.



Operation and maintenance actions are proposed at the asset level without using a unified methodology, and criteria vary across different types of assets. To the best knowledge of the authors there is not a unified methodology in place used by technical staff managing these infrastructures to elaborate an asset register, to assess the assets’ condition and to evaluate risks associated to critical assets. Most of the information available of past operation and maintenance actions is related to the assigned budgets for operation and maintenance of the different physical assets on a yearly basis. The result is that it is difficult to plan future actions related to the management of these water infrastructure assets, as there is not a clear overall picture of some key features such as past and current asset performance, current asset condition and current and expected asset risk.



The case study focuses on one Operational Sub-System, namely OSS-1, formed by two assets, Asset 1 and Asset 2, selected by the Segura River Authority for this research, which are described in Table 4. The methodology is capable to reach the OS level provided that all OSSs are analyzed.



Expected service life for each asset element and the % of construction costs used to estimate the salvage value are shown in Table 5, according to current standards inside the River Basin Authority [49].



The assessment of the amount needed is a key aspect for successful use of the index. Estimating the amount needed should take into account the past experiences of the organization together with industry best practices. The amount needed per year is estimated as a fraction of the initial value of the asset, using a parameter, m. The maintenance budget percentages associated with parameter ‘m’ should be understood as an estimate of the minimum maintenance budget which should be provided every year in relation to current replacement costs of the infrastructure, in order to provide a basis for ongoing service delivery. The following aspects are embedded in the average annual costs: normal maintenance, emergency maintenance and periodic refurbishment. Based on a detailed review of more than 40 years of maintenance practices inside the organization and international best practices [49,50], the maintenance budget percentages used to test the methodology are shown in Table 6. Records of maintenance investments are included in the Supplementary Materials.





3. Results


The presentation of results follows a bottom-up logic, starting at the element level, and then integrating the results at asset and operational sub-system levels.



3.1. Results of Element Condition (Level 4)


3.1.1. Results for Elements of Asset 1


Asset 1, which is a Storage Facility, is formed by a gravity dam, height 61 m, and reservoir volume 246 Mm3. Table 1 shows the breakdown of total cost between the different elements: civil works (92.8%), electromechanical equipment (2.6%), electrical equipment (0.9%), instrumentation equipment (1.7%), building facilities (0.5%) and access roads (1.5%). Figure 3a,b show the results of element condition assessment using IVI and ASI indices, respectively. The period time of analysis is 31 years, from 1985 to 2015. The results according to IVI show that civil elements of the dam, building facilities and access roads are reaching the 0.4 value index after nearly 30 years in service, while with sound maintenance this should have happened at the end of their service life, by year 2035. The electromechanical equipment is lacking maintenance, as it reached the 0.4 value index after 15 years of service, 10 years before its intended service life. Electrical and instrumentation equipment seem to have lacked maintenance since the commissioning of the dam. These results are supported by ASI index calculations. Civil elements of dam, buildings and access roads are entering the medium-poor condition after 30 years of service. Electromechanical equipment has been in very poor condition since the year 2001 (0.4 ≤ ASI < 0.2). According to the results obtained, most of the electrical and instrumentation equipment entered in unpredictable reliability condition at year 1997. Service life of electrical and instrumentation equipment of the dam is 15 years, and the results show not only a lack of maintenance but also that no renewal or replacement of these elements has been provided. The overall picture shows good agreement between IVI and ASI.




3.1.2. Results for Elements of Asset 2


Asset 2 is a water conveyance facility including a channel with maximum capacity of 10 m3/s. Table 1 shows the breakdown of total cost between the different elements: civil works (88.5%), electromechanical equipment (3.1%), electrical equipment (5.3%), instrumentation equipment (0.5%), building facilities (1.7%) and access roads (3.4%). Figure 4a,b show the results of element condition assessment using IVI and ASI indices, respectively. The period time of analysis is 27 years, from 1989 to 2015. The results according to IVI show that civil elements, building facilities and access roads will be reaching the 0.4 value index after nearly 30 years in service, while with sound maintenance this should have happened at the end of their service life, by year 2039. Electromechanical equipment is lacking maintenance, as it reached the 0.4 value index after 18 years of service, seven years before its intended service life. Electrical and instrumentation equipment seem to have lacked maintenance since the commissioning of the dam. Regarding the ASI results, it can be seen that civil elements, buildings and access roads are entering the medium-poor condition after 25 to 30 years of service. Electromechanical equipment has been in very poor condition since the year 2014 (0.4 ≤ ASI < 0.2) due to lack of renewal. Results show that electrical and instrumentation equipment entered in unpredictable reliability condition between the years 2001 and 2002. Results show again not only a lack of maintenance but also no renewal or replacement of these elements. Again, there is good agreement in the diagnosis using both indices.





3.2. Results of Asset Condition (Level 3)


Values of IVI and ASI at the Asset Level can be derived from IVI and ASI values at the Element Level, using Equations (8) and (16), respectively. Figure 5a,b show the results obtained for Asset 1 and Asset 2, respectively. The results with IVI show an overall fair condition for both assets by year 2015, but a lack of maintenance as the target value of 0.4 is going to be reached 15–20 years before the end of the service life. The results with ASI show an overall poor condition for both assets (0.4 ≤ ASI < 0.6) by year 2015, pointing to an accumulated lack of maintenance. The reason for having such values despite the lack of maintenance in some elements such as electrical and instrumentation equipment is found in the weights applied in the calculation of the indices. Both the replacement cost of these elements used in IVI and the amount needed for maintenance used in ASI are much less than for other elements, such as civil works or electromechanical equipment. Therefore, their impact on the overall index value is lower.




3.3. Results of Operational Sub-System Condition (Level 2)


Values of IVI and ASI at the OS-1 Level can be derived from IVI and ASI values at the Asset Level, using Equations (8) and (16), respectively. Figure 6a shows the results obtained using IVI while Figure 6b shows the results with ASI.



The evolution along time of the total current value of assets of OS-1 and the corresponding IVI values are shown in Figure 7. Current value at a given year is represented by the vertical bars while IVI index is shown as a line. The evolution along time of the backlog in investment and the corresponding ASI values are shown in Figure 8. Cumulative backlog is represented by the vertical bars and the ASI index is represented by the line. The results with IVI show an overall fair condition (0.4 ≤ IVI) whereas the results with ASI show that OS-1 entered the poor condition at year 2006. Accumulated backlog in maintenance investment by year 2015 was approximately 83 million EUR, considered from the commissioning date of assets.




3.4. Sensitivity Analysis


Both indices, IVI and ASI, are influenced by the level of maintenance effort that is considered the adequate or proper, which is estimated through parameter m according to Table 6.



Thus, to explore the effect of m on IVI and ASI indices, the parameter has been scaled by different factors: 0.25, 0.5, 1 and 2, and the corresponding IVI and ASI values have been obtained for Assets 1 and 2, as shown in Figure 9 and Figure 10.



The analysis shows that with lower m values, which means lower amount needed, IVI and ASI values are higher, depicting a better condition of assets, while with higher m values, which means higher amount of investment needed, IVI and ASI values are lower, describing a worse condition of assets. Particularly, if the needed investment effort is set to 25% of that shown in Table 6, the actually performed investment will be considered as adequate, with a minimum backlog. An interesting finding is that doubling the amount needed given by Table 6 does not have a significant influence on IVI and ASI values.




3.5. Assessing Future Asset Condition under Different Scenarios of Investment Effort


3.5.1. Results for Asset 1


ASI and IVI indices can be used to get an approximate picture of future asset condition under different scenarios of future maintenance investment planning. Figure 11 and Figure 12 show the evolution of asset condition with IVI and ASI indices, respectively, together with associated cumulative budget for each scenario.



Several scenarios of investment have been simulated for the period 2016–2034, which corresponds with the service life expected for Asset 1. Each scenario assumes a different investment effort in maintenance for the analysis period. The Base Case is the scenario where planned budget would be equal to the theoretical budget needed according to values of parameter m shown in Table 6 (100%) and the pending renewal of electromechanical, electrical and instrumentation elements is done by year 2016. Three scenarios considering that future investments will be lower and with no renewal of elements are also considered, with efforts corresponding to 75%, 50% and 20% of the theoretical needed, respectively. It should be emphasized that the case with 20% corresponds approximately with the level of investment effort actually performed in the period 1985–2015.



Results with IVI shows that only for the 100% case the asset condition will be over the 0.4 threshold value until year 2022. On the other hand, results with ASI indicates that with the 100% case, the renewal of elements and sustained effort in maintenance improves significantly the index value, masking somehow the ongoing deterioration of civil elements due to previous backlog in maintenance.




3.2.2. Results for Asset 2


Different scenarios of investment effort have been simulated for the period 2016–2034. Base Case is defined in the same way as Asset 1: maintenance is 100% of theoretical requirement, including pending renewals of elements performed in year 2016. Three scenarios assuming that future investments will be lower than Base Case are considered: 75%, 50% and 25%, where the 25% case corresponds to the real level of investment during the period 1989–2015. Figure 13 and Figure 14 show the evolution of asset condition indices IVI and ASI, respectively, and the associated cumulative budget for each scenario.



Results with IVI show that with the current 25% level of effort, the asset will enter the Below Average Condition (IVI < 0.4) by year 2021, while in the 100% case this will happen in year 2029.



Results with ASI shows that with the current 25% effort the asset will enter in the Very Poor Condition zone by year 2020. ASI index value improves significantly in the 100% case, due to the effect of renewal of elements.






4. Discussion


4.1. Asset Inventory


To analyze asset condition, it was necessary to develop an asset inventory with a proper asset database structure, based on the available information on past investments on asset renewal, asset rehabilitation and asset maintenance. The asset inventory proposed is based on a hierarchical structure of the River Basin Assets, considering a top-down decomposition scheme in four levels: OS, OSS, Assets and Elements, which have been classified into one of six possible categories: civil works, electromechanical equipment, electrical equipment, instrumentation equipment, building facilities and access roads. This structure has been found to be adequate to arrange existing information enabling the calculation of different asset condition indices. In any case, it is needed to have good databases on maintenance investments to apply the proposed methodology.



Though the asset database has been adapted to the features of the Segura River Basin, its structure and the methodology can be applied without limitations to other river basins, as long as the data needed for the calculation of condition indices is available and arranged in the correct format. An advantage of raw water infrastructure systems is that they offer relatively less complexity than water distribution systems, which have many more data challenges.



A storage facility (Dam, Asset 1) and a water conveyance infrastructure (Channel, Asset 2) have been used as target assets.




4.2. Main Parameters in the Calculation of the ASI and IVI Indices


The parameter reflecting the average amount of investment needed per year, m, shown in Table 6 has been estimated based both on national and international published recommendations and practices. As this parameter is relevant in the estimation of IVI and ASI indices, a sensitivity analysis has been performed. It has been found that IVI and ASI numerical values increase significantly when the needed investment is reduced. This feature of the indices makes it necessary to carefully evaluate the values adopted for parameter m before any decision making after asset condition assessment, as different outcomes of current condition are obtained depending on the value selected for the amount needed for maintenance. To explore the range of variation of both indices, a wide range of variation of parameter m has been adopted, including values of 2 × m that are not considered realistic. An interesting result of the analysis performed is that both indices tend to stabilize, with relatively small further reductions, when m values are increased significantly, as shown in Figure 9 and Figure 10.



Valuing involves calculation of depreciation of assets. Though linear depreciation may not be adequate for all water management assets, it is not common to have sufficient and reliable data to justify the use of a specific non-linear depreciation.



Service life is another main parameter. In the context of the case study analyzed, the service life is determined using a technical guideline [49]. Nevertheless, different values for specific assets can be used if evidence exists that the deterioration of the asset has been significantly higher or lower than the theoretical expectation. Judgement from experienced staff managing the assets is a valuable input to assess service life differently from standards or published recommendations.



As with service life, salvage value is determined based on a technical guideline [49] and may well vary depending on owner criteria or current economic regulations.




4.3. Asset and OSS Condition by Year 2015


Starting at the element level, it has been found that both indices adequately capture the significant lack of maintenance of electromechanical, electrical and instrumentation equipment of assets, as shown in Figure 3 and Figure 4, and that both indices depict a fair condition of civil parts, building facilities and access roads of both assets by year 2015.



At the asset level, both indices describe an overall fair condition by year 2015. A critical point for correctly interpreting the results is the understanding of how asset condition indices at the element level are weighted to produce indices at the asset level. The weighting is controlled by the replacement cost of the elements in IVI and by the amount needed for element maintenance in ASI. Therefore, elements with higher replacement costs and with higher maintenance costs are controlling the numerical value of the indices, respectively. The case study analyzed considers assets where the civil elements represent most of these concepts. Therefore, the IVI and ASI values of assets as a whole are controlled by those of their civil elements. This effect may conceal the existence of a large asymmetry in maintenance investments across different elements. It has been found that overall investment in the period from the commissioning of assets until 2015 is approximately 20% of what is theoretically needed for Asset 1 and 25% for Asset 2.



Moving one level up, into the OSS level, both indices show that after 30 years in service the infrastructure is approaching the condition that would be expected by the end of the 50-year service life, due to an under-investment in maintenance. Thus, an under-investment of 75–80% results in a 40% accelerated ageing effect.




4.4. Future Asset Condition Assessment


The indices have been used to estimate future asset condition under different budget scenarios. Results with IVI index show that investment efforts of 100% of the amount theoretically needed, including pending renewals of elements, should be performed to slow down the deterioration of overall asset condition. Sustaining current investment efforts will lead to poor asset condition well before the end of the service life, likely affecting performance and reliability. As the ASI index is weighted by the maintenance effort per year, the long-term deterioration of civil parts has less weight in ASI than in IVI, due to the lower m values used for civil parts compared with other elements. Therefore, the assessment of m values for civil parts plays a key role in the practical application of the methodology and should be validated with an analysis of the condition and performance of the civil parts.



At the OSS level, the mean annual maintenance cost associated with the current investment effort is approximately 0.85 million EUR per year for the whole system. The level of investment associated with the 100% target is 3.5 million EUR per year. Thus, it would be necessary to increase the current effort in asset maintenance by 2.65 million EUR per year.



Assuming that OSS-1 provides 540 Mm3/year of water resources for irrigation, the impact of achieving the 100% target of maintenance for Assets 1 and 2 in the water tariff for irrigation would be about 0.5 cents of EUR per cubic meter of water. It is informative to put this figure in the context of the current price of water for irrigation paid by users in the Segura River Basin, which is in the range of 12 to 33 cents of EUR per cubic meter.





5. Conclusions


The asset inventory proposed, based on a hierarchical structure, has proven to be adequate to arrange the necessary information for calculating different condition indices as IVI and ASI. Nevertheless, it is important that reliable and good quality information on past investments in maintenance is available.



With the proposed arrangement of condition index calculation, it is possible to assess the condition of elements, assets and OSSs. Provided that all OSSs are analyzed, it is possible to get an overall estimation at the OS level.



Using IVI and ASI at the asset level is useful to compare among different assets, but it may convey a distorted vision of the true asset condition if the analysis does not consider explicitly the breakdown of assets into their component elements. Due to the weighting procedure used in the calculation, care must be taken in the interpretation of results, to avoid diluting the true condition of some elements after aggregating their indices into the asset level indices.



Due to the sensitivity of IVI and ASI indices to the amount needed for maintenance, it is advisable to benchmark the asset condition obtained with the model proposed with other condition or performance related measures, to get a more robust assessment. This is especially important for large civil infrastructures due to their high weight in the overall asset condition assessment. This is also of special interest in budget planning for the future.



The methodology has been proved to be useful in the preliminary determination of the impact of future trends in maintenance budgets over water tariffs, though further research is needed to analyze in depth the implications on users.



The proposed approach has proven to be practical, providing a way to gain insight on the condition of asset portfolio and helping to develop an asset investments program based on asset age and asset condition, under a life cycle planning approach.



Extending the methodology to the rest of the OSSs of the Segura River Basin will provide a valuable input for assessing the cost of transferring the asset portfolio to the next generation in a sustainable manner.
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Figure 1. Causal loop diagram (adapted from Schneider at al. [6]). 
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Figure 2. Segura River Basin. 
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Figure 3. Element condition assessment of Asset 1: (a) Infrastructure Value Index (IVI) index; (b) Asset Sustainability Index (ASI) index. 
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Figure 4. Element condition assessment of Asset 2: (a) IVI index; (b) ASI index. 
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Figure 5. Asset condition assessment for Assets 1 and 2: (a) IVI index; (b) ASI index. 
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Figure 6. Condition assessment for Operational Sub-system 1: (a) IVI index; (b) ASI index. 
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Figure 7. Operational Sub-system 1. IVI and Asset Value. 
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Figure 8. Operational Sub-system 1. ASI and investment backlog. 
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Figure 9. Sensitivity analysis of IVI index: (a) Asset 1; (b) Asset 2. 
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Figure 10. Sensitivity analysis of ASI index: (a) Asset 1; (b) Asset 2. 
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Figure 11. Asset 1 condition assessment with IVI under several future investment scenarios. 
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Figure 12. Asset 1 condition assessment with ASI under several future investment scenarios. 






Figure 12. Asset 1 condition assessment with ASI under several future investment scenarios.



[image: Water 11 01169 g012]







[image: Water 11 01169 g013 550]





Figure 13. Asset 2 condition assessment with IVI under several future investment scenarios. 
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Figure 14. Asset 2 condition assessment with ASI under several future investment scenarios. 
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Table 1. Asset Inventory Hierarchy.






Table 1. Asset Inventory Hierarchy.





	Level 1
	Level 2
	Level 3
	Level 4





	Operational System
	Operational Sub-System
	Storage, Diversion and Flood Protection Facilities, Water Wells, Water Conveyance Facilities, Water Distribution Facilities, Wastewater Treatment Plants and the River Basin’s Hydrologic Information System
	civil works, electromechanical equipment, electrical equipment, instrumentation equipment, building facilities, access roads
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Table 2. Inventory Database Structure.
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	Field
	Description





	System ID
	Alpha-numerical code of operational system the asset belongs to



	Sub-System ID
	Alpha-numerical code of operational sub-system the asset belongs to



	Asset ID
	Alpha-numerical code of the asset



	Asset name
	Asset description, linked with asset ID



	Asset position
	Asset coordinates in geographical UTM system



	Cost
	Construction cost (EUR), referred to a certain base year



	Commissioning
	Date used for the calculation of elapsed years of service



	Service life
	Expected years of service



	Salvage value
	Value of the asset at the end of its economic life



	Intervention ID
	Internal code of the investment and its associated information



	Intervention class
	A: Investment in new elements

B: Investments in renewal of existing elements

C: Investments in maintenance

D: Other investments, such as element upgrading



	Intervention cost
	Monetary value of the investment associated with the intervention



	Intervention date
	Date used for the calculation of time elapsed since the intervention



	Asset value
	Monetary value of the asset at a given year, t
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Table 3. Asset Condition from Asset Sustainability Index [45].
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	ASI
	Infrastructure Condition
	Reliability





	0.8 ≤ ASI < 1.0
	Good
	Reliable



	0.6 ≤ ASI < 0.8
	Medium
	Reliable



	0.4 ≤ ASI < 0.6
	Poor
	Degenerated



	0.2 ≤ ASI < 0.4
	Very poor
	Degenerated



	0 ≤ ASI < 0.2
	Failure
	Unpredictable
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Table 4. Description of assets.
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Asset-1

	
Asset-2






	
System ID

	
OS-1

	
OS-1




	
Sub-System ID

	
OSS-1

	
OSS-1




	
Sub-System description

	
Water distribution system for supply and irrigation of 540 Mm3/year




	
Asset ID

	
A-1

	
A-2




	
Asset description

	
Storage Facility (Gravity dam, height 61 m, reservoir volume 246 Mm3)

	
Water Conveyance Facility (Channel with max. capacity of 10 m3/s)




	
Base year for costs

	
2015

	
2015




	
Construction cost (M EUR 1)

	
58.2

	
176.9




	
Civil cost (M EUR)

	
53.9

	
156.5




	
Electromechanical cost (M EUR)

	
1.5

	
5.5




	
Electrical cost (M EUR)

	
0.5

	
9.3




	
Instrumentation cost (M EUR)

	
1.0

	
0.5




	
Access road cost (M EUR)

	
0.9

	
3.4




	
Building facilities cost (M EUR)

	
0.3

	
1.7




	
Year of commissioning

	
1985

	
1989




	
Service life (years)

	
50

	
50




	
Salvage Value (M EUR)

	
44.6

	
84.2








1 Notation: M EUR stands for million EUR.
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