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Abstract

:

The STORMTOOLS Coastal Environmental Risk Index (CERI) has historically been used to assess the damage to residential and commercial structures from coastal flooding, including the effects of sea level rise (SLR) in RI. In the present study, CERI was extended to address the impact of flooding for 100 yr storm, including the effects of SLR, to the newly renovated Warren, RI wastewater treatment facilities (WWTF), located on the tidal Warren River, using FEMA HAZUS damage curves. The analysis shows that the average damage for 100 yr flooding, across all components of the facility, increases with sea level from 16% (0 ft SLR), 23% (2 ft SLR), 26% (3 ft SLR), to 28% (5 ft SLR). The primary settling and chlorination tanks are at most risk and the aeration and reaction tanks at least risk. In an effort to validate the FEMA HAZUS WWTF damage curves, CERI was applied to predict flood damage during the 3 day, March/April 2010 flooding event (500 yr) to the Cranston, Warwick, and West Warwick WWTF located on the Pawtuxet River, RI. The predictions of the damage to each WWTF from this event were compared to observations of the damage made by the plant operators. The percent damage was estimated by comparing the cost of the damage to the assessed value of the facility. Using the FEMA HAZUS damage curves for the observed level of inundation (7 to 8 ft) predicted that the Warwick and West Warwick facility damage ranged from 15 to 45% with an average value of about 30%. The Cranston WWTF damage was very low (<1%) because of the elevation of the facility. The observed damage for the 2010 flood event was approximately 21% for the Warwick facility and 18% for the West Warwick facility, between the FEMA HAZUS lower and average values. Damage to the Cranston facility was consistent between FEMA HAZUS and observed values at <1%.
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1. Introduction


STORMTOOLS Coastal Environmental Risk Index (CERI) [1] was originally developed in 2016 to estimate the damage from coastal flooding on structures and infrastructure. A flow chart for CERI is shown in Figure 1 [1]. The basic building blocks are (a) estimates of the storm surge and waves, expressed in terms of the Base Flood Elevation (BFE) (also called STORMTOOLS Design Elevation (SDE)), including the effects of sea level rise (SLR) [2], (b) details on the structure or infrastructure (structure type, elevation, etc.) at risk, and (c) damage functions, by structure type, based on Army Corp of Engineering (ACOE) or Federal Emergency Management Agency (FEMA) data. The output is provided in terms of the damage to individual structures or distribution of damage to all structures impacted. The framework can be extended to estimate wind damage as well. CERI has been widely applied to structures in coastal areas of RI, including the southern RI shoreline [1,3] and selected locations in Narragansett Bay [1], with a primary focus on residential and commercial structures. The applications to the southern RI shoreline have also included consideration of the erosion of the shoreline in response to coastal flooding events [2]. The analyses have also included the impact of sea level rise (SLR). CERI and SDE maps are available via the STORMTOOLS GIS Hub (STORMTOOLS Home (arcgis.com), accessed on 1 September 2022) for coastal areas in the state. To help make the results of CERI more widely available a mobile phone app has been designed to allow access to CERI estimates of damage [4].



The present study, undertaken as part of the senior capstone design project in Ocean Engineering (OCE) at the University of RI (URI), Narragansett, RI in the academic year 2021–2022 [5] looked at flood damage along the Warren River, RI commercial waterfront. In this effort CERI was extended to assess the impact of flooding on wastewater treatment facility (WWTF) and specifically the treatment plant for the Town of Warren located along the Warren River in Narragansett Bay (Figure 2). The FEMA HAZUS damage functions for wastewater treatment facilities (WWTF) [5,6] were integrated into CERI to estimate damage with the SDE maps [2] providing the estimates of flooding on water level and wave conditions at the locations of interest (BFEs). To validate the methodology, and specifically the use of the FEMA HAZUS WWTF damage curves, CERI was applied to predict the impact of the March/April 2010 flooding event (500 yr event) on three treatment plants located on the Pawtuxet River (Cranston, Warwick, and West Warwick). This flooding event was caused by intense rainfall. The three WWTF impacted are located above the head of the tide. Model predictions of damage were compared to observations by the plant operators during the event.



Section 2 provides a brief overview of methodology of how CERI has been extended to address the damage to WWTF from flooding, Section 3 then shows the application of CERI to the Warren, RI WWTF investigation and the impact on each component of the system. Simulations were performed for the 100 yr storm, including the impact of sea level rise (SLR). Section 4 summarizes validation of the CERI with FEMA HAZUS WWTF damage curves by comparing model predictions to observations for the three facilities damaged during the March/April 2010 flooding event. Discussion of the results are included Section 5. Summary and conclusions are presented in Section 6.




2. Methodology


In the present study, the CERI framework (Figure 1) was extended to address the impact of flooding on WWTF. This extension was straightforward, where the ACOE/FEMA Wave and Inundation Damage Functions for structures (residential and commercial) were replaced by damage functions for WWTF. In the present study, the FEMA HAZUS damage curves [6,7] were employed. The damage curves are provided as a function of the inundation level for the entire treatment facility and include estimates of the average and upper and lower bounds. The damage curves are independent of the design flow of the treatment facility. The documentation on the source of the damage curves in the FEMA HAZUS manual is very limited and little information could be found in the literature. In applying the method, within the CERI framework, it was assumed that damage to each major component of the facility (e.g., primary settling tanks, headworks, chlorination tanks, secondary clarifiers, operations building, and aeration and reactor tanks) would be assessed. The estimated percent damage would then be averaged across all components of the facility to arrive at a damage estimate for the facility. It was assumed that the BFE values could be used as proxy for the inundation levels since they reflect the combined effects of surge and waves. The results of this effort are provided in Section 3.



Given the lack of documentation of the source of data for the FEMA HAZUS damage curve or their validation against actual flooding events [6,7], an effort was undertaken to validate the curves by applying CERI to assess the damage to the Warwick, West Warwick, and Cranston WWTFs from the April/May 2010 flood event on the Pawtuxet River (500 yr event). The event was from rainfall induced riverine flooding. The facilities are located well above the head of the tide. The inundation levels were fully documented from the facility operators and US Geological Survey (USGS) gauging stations located along the river. Estimates of the damage were based on input from plant operators, based on the costs to repair the facilities post the storm event. The damage percent was estimated by comparing the cost of the repairs to the estimated value of the facility. These results were then compared to CERI based estimates. As an alternate approach the ACOE/FEMA damage curves in CERI (Figure 1) for commercial engineered and non-engineered structures were applied to the various components of the facility to estimate the damage to each. This strategy is based on the observations that most components of WWTF have attributes like existing engineered structures (building like structures, tanks, etc.). The results of this validation exercise are provided in Section 4.




3. Application of CERI with HAZUS Damage Curves to Warren WWTF


The Warren WWTF is located adjacent to the Warren River on the eastern side of Narragansett Bay, RI (Figure 2). The facility processes an average of 1.9 MGD (million gallons per day), with an estimated design flow of 5–6 MGD. The average elevation of the facility (and its components) is approximately 6 ft (NAVD88). The treatment plant has a current (2022) assessed value of $50 M and was recently (2019) upgraded ($20 M) to make the facility more resistant to climate change and sea level rise [8,9,10]. The major components of the facility are shown in Figure 3.



Figure 4 shows the BFE level for the 100 yr storm with SLR based on the SDE maps, with SLR values increasing from 0 to 5 ft. The breakdown by surge and wave crest are provided relative to grade and NAVD88 (left panel). The location of the data is provided in the upper panel. The BFE for this location from FEMA FIRM is 12 ft and from the SDE maps 18.2 ft (no SLR). The difference between the two estimates is consistent with the fact that FEMA uses the mean value for the storm surge height, while the SDE maps use the upper 95% confidence limit, as a hedge against uncertainty in the data and analysis. More details on this are provided in [8]. The regulatory standards for SLR for the study area are established by the RI Coastal Resources Management Council (RI CRMC) with estimates based on NOAA High Levels in 2017 for Newport, RI. SLR values of 3 ft approximately correspond to projections for 2050 and 5 ft for 2070. It is noted that the present analysis is consistent with a study performed on behalf of the RI Department of Environmental Management (RI DEM) looking at the impact of flooding with climate change (SLR) on all the WWTF in RI [9]. It is noted that there is limited spatial variability in BFEs over the footprint of the WWTF for both FEMA and SDE maps. Given its proximity to the coast the grade elevation is approximately 6 ft (NAVD88).



The FEMA HAZUS WWTF damage curves are shown in Figure 5 [6,7]. Values are provided for average, more than average, and less than average vs. inundation levels. The reference levels for inundation are not specified, but it is assumed that this represents elevation relative to when the facility becomes inundated. Only one curve is provided for the entire facility, so it assumed that the curve represents the average for all components of the facility. With this assumption the present analysis determined the critical flood elevation (CFE) for each component of the facility and then estimated the level of inundation for each component above the CFE. The CFE represents the elevation above which flood waters cause damage to the facility. Figure 6 shows an example of the CFE for the primary clarifier and emergency generators for the Warren WWTF.



Table 1 shows the grade elevation, CFE, FEMA BFE, and SDE BFEs (0, 2, 3, and 5 ft SLR) for each component of the Warren WWTF. Color coding for the individual components of the system is consistent with Figure 3. The CFE values were determined by Woodard and Curran [10] as part of their study and their overview of the upgrade of the facility on behalf of the Town of Warren, RI to make the system more climate resilient.



Estimated damages for individual components of the Warren, RI WWTF, as function of SLR, are provided in Table 2. Average damages are provided first, followed by lower and upper bounds in parenthesis, below. Values are given for FEMA BFE and SDE BFE, with increasing SLR (0 to 5 ft). It is noted that the percent damages in Table 2 are blocked by the selected inundation level. As an example, if the inundation is in the range of 3.01 to 3.99 ft, then damage is the same at 17% for the most likely value. The damages increase with SLR, with the primary settling tanks, head works, and chlorination tanks showing the highest damage and the aeration and reactor tanks the least. FEMA based estimates are much lower (<3%) than those using the SDE maps because the BFE is so much lower (FEMA BFE—12 ft vs. SDE—18 to 24 ft).



The average damage vs. BFE for FEMA FIRMs and SDE with SLR, averaged over all components of the facility with equal weighting by component, are provided in Table 3. The value losses, assuming a plant value of $50 M, are also provided and increase from about $1/2 M to $14 M, with increasing sea level rise from 0 to 5 ft. The plant value is based on input from the facility manager and an external review by an independent wastewater treatment expert (personal communication, Doug Hankins, PE, Wright Pierce, 18 November 2021). Average damage is very limited (less than 1%), if FEMA FIRM BFEs are used (first column), with their low BFE, but increases rapidly when SDE values are used, increasing from 16 to 28% as SLR increases from 0 to 5 ft.




4. Validation of HAZUS WWTF Damage Curves by Application to March/April 2010 Flooding Event in Pawtuxet River, RI


A review of FEMA HAZUS damage curves for WWTF facilities [6,7] reveal several areas of concern.



	(1)

	
The damage curves are for the facility as a whole and do not consider damage to individual components of the facility. In many cases damage to facilities maybe partial with selected components of the plant impacted and others experiencing no impacts at all. It is not clear how damages are to be estimated if only select components are inundated.




	(2)

	
The metric for specifying flooding is the level of inundation for the entire facility. The use of a metric such as critical flood elevation (CFE) to determine whether flooding has occurred is not mentioned but it is presumed to be part of the consideration for selecting the inundation level.




	(3)

	
The damage curves are independent of the size (design flow rate) of the facility.




	(4)

	
There is no data or references in the FEMA HAZUS Flood manual [5,6] that would allow a user to evaluate the supporting information for the damage curves. When contacted the FEMA HAZUS Help Desk was unable to find any information in support of the damage curves (personal communication, Doug Bausch, HAZUS Help Desk, 12 January 2022).







Given this situation, it appeared prudent to determine whether one could find any applications that validated the WWTF damage curves. A literature review was unable to find any case examples where validation was demonstrated. Typical papers [11] showed application of the damage curves to select WWTF and storm events (e.g., hurricane Sandy 2012, coastal New York City) but no validation.



To that end, the authors undertook an effort to validate the damage curves by applying the method to Cranston, Warwick, and West Warwick WWTF located on Pawtuxet River, RI (Figure 7) that were subject to damage from a 500 yr flooding (compound, three separate rain events) that occurred over a several day period in March/April 2010 [12]. The inundation levels for the event have been documented by an analysis performed by the US Geological Survey (USGS) based on gauge station observations [13,14]. A detailed hindcast of the event has also been performed and validated with these observations [15]. The locations of the three facilities are well above the high tide line and were subject to rainfall and associated runoff induced flooding, but not storm surge.



Figure 8 shows a contour map of the flooding for each facility at the peak SWEL (still water elevation) during the March/April 2010 flood event. Values are referenced to local grade elevation. The contour intervals (ft) are shown in the lower left corner of each map and vary between maps. It is noted that the SWEL is significantly higher for the West Warwick facility (41.05 ft) compared to that for the Warwick and Cranston facilities (31.6 ft and 27.45 ft, respectively). The difference is explained by the presence of a dam between the West Warwick and Warwick and Cranston facilities with a grade elevation change of approximately 6 ft. The maps clearly show that the West Warwick and Warwick facilities experienced significant flooding across the entire facility, while flooding for the Cranston facility was quite limited. The design flow rates for the West Warwick and Warwick facility are also provided and are comparable (11 MGD and 7.5 MGD), while those for the Cranston facility are about twice as large (20.2 MGD). Finally, the value of the facility and estimated costs to repair the facility were provided by the plant operators. The cost to repair the facility are consistent with the figures that show peak flooding, highest for West Warwick and Warwick and lowest for Cranston.



The damages to each component of the WWTF were estimated using the FEMA HAZUS damage curves. The elevations and CFEs for each component of the facilities were either provided by the plant operator or by measurement using Real Time Kinematic (RTK) mapping techniques [5]. Figure 9 shows an image of the components for each facility, West Warwick (a), Warwick (b), and Cranston (c). For each component, the level of inundation relative to the CFE is provided and the damage estimates showing the average, followed by below and above average damage (average (lower–upper)) are provided. Note that if the component was not impacted, no values for damage are provided. A review of the three figures clearly show that damage is predicted for most of the components of the West Warwick and Warwick facilities, with very limited damage for the Cranston facility. This is consistent with the flooding maps shown in Figure 8.



The value, value loss, observed percent damage and FEMA HAZUS based estimates of damage for West Warwick, Warwick, and Cranston WWTF are provided in Table 4. FEMA HAZUS damages for average (less than and more than average) are also given. The observed damages for West Warwick and Warwick facilities are approximately the same (18 and 21%), while those for the Cranston facility are much lower (<1%). This is consistent with the flooding maps shown in Figure 8. The FEMA HAZUS damage values are also comparable for the West Warwick and Warwick facilities (28.8% vs. 29.7%) and <1% for the Cranston facility.



Figure 10 shows the same data as Table 4, but in this case as a graphic. The percent damage vs. inundation curves from FEMA HAZUS, including less than(blue), average(red) and more than average(green) values are provided. Estimates of observed damage for the Warwick, West Warwick, and Cranston WWTF based on data from the 2010 flooding event. The figure shows that the observed damages are slightly higher than the lower bound FEMA HAZUS estimate and lower than the average value. Estimates of damage for the Cranston facility are very low (<1%) consistent with the limited spatial extent of flooding of this facility (Figure 8).



Damages to the Warwick facility were also made using NACCS damage curves for commercial engineered and non-engineered structures that are integrated into CERI [1,16]. The conceptual framework of this strategy is that the components of the WWTF are in many cases like those in either commercial engineered or non-engineered structures. This assumes that most of the major components of the facility are engineered/non engineered structures (e.g., tanks, structures of varying dimensions, etc.). The effort was undertaken to see how this approach might be used to estimate damages. Details on its application to the Warwick, WWTF are provided in [5]. The Warwick facility was selected for this analysis given that it had the most detailed measurements of the elevation of all key components of the WWTF. The results of the analysis are shown in Figure 10 (red and blue squares) and give damage percentages slightly lower than using the average FEMA HAZUS damage curve but higher than the less than average value. The commercial engineered damage is slightly higher than the non-engineered commercial damage, which is comparable to the observed value.




5. Discussion of Results


Application of CERI using HAZUS damage curves for the Warren, RI wastewater treatment plant show the damage for 100 yr flood events using FEMA FIRM BFE estimates and those from STORMTOOOLS SDEs with increasing values of SLR. When the FEMA FIRMS are employed to estimate the BFE, the damage is very limited (several percent) and only occurs for the primary settling tanks and the headworks. This is a result of fact that most of the components of the facility have CFEs that are higher than the FIRM BFEs. The damages are projected to increase when SDE maps are used since they have higher BFE than FEMA FIRM, since they use the upper 95% confidence level for flood inundation levels. SDE maps also explicitly consider SLR which increases the BFE and thus the projected damage. The increase in damage scales directly with the increase in SLR.



In evaluating the resilience to coastal flooding of the Warren WWTF the contractor [10] noted that if some of the components of the facility experienced short term flooding but repairs were straightforward, and costs were low, then the cost to raise that component of the facility was not warranted. This strategy may be applicable to higher levels of inundation but will require a detailed engineering and cost analysis. It is noted that the grade elevation of the entire facility is approximately 6 ft (NAVD88). As sea level rises, the facility becomes increasingly at risk to more frequent flooding (shorter return period storms). As an example, a 50 yr storm currently has a BFE of 14.7 ft, with 3 ft of SLR, this value, 17.7 ft is consistent with current 100 yr conditions. In this case, a protective berm or retaining wall around the facility might be the most cost-effective operation.



The April/May 2010 Pawtuxet River flood event and its impact on the Cranston, Warwick, and West Warwick WWTF represented a very rare opportunity to validate the FEMA HAZUS damage curves. Estimates of the flood levels of the river were extremely well documented by the facility operators and from USGS gauging stations on the river. Damages to the facility, while time consuming and difficult to obtain, were documented by the facility operators and evidenced by contracts or insurance claims to perform the repairs. One confounding issue was to separate out costs to upgrade the facilities when repairs were being performed (e.g., rising a berm around a facility). The validation exercise showed the observed damages were below FEMA HAZUS’s most likely damage and above the lower bound.



The analysis provided no insight into the size of the facility on damage. The Warwick and West Warwick facilities are comparable in their design capacity and experienced comparable damages. The Cranston facility has twice the design capacity of the other two, but very limited damage, because of very low inundation levels. It has been particularly frustrating not to be able to find the underlying technical literature that supports the damage curves as provided in the FEMA HAZUS user’s manual or to find published work that has attempted to validate the model [6,7,17].



To provide a more robust analysis of damage it might be useful to look at the WWTF as a series of independent but closely link components. Damages from flooding for each component could be assessed and then damages determined across the entire facility. This would allow details on each component to be evaluated including their grade elevation, design characteristic (e.g., CFE), flooding levels, flood proofing, exposure to waves, and others. The application of the damage curves in CERI for engineered and non-engineered structures in the present study, suggests that this strategy might be appropriate in moving forward.




6. Conclusions


Application of CERI, using the FEMA HAZUS damage curves, predicted the impact of flooding with SLR for the Warren, RI WWTF. The SDE based BFEs increased from 18 to 24 ft due with SLR (0 to 5 ft) and the resulting average damage across all components of the facility also increased with SLR from 16% (SLR—0 ft), 22% (SLR—2 ft), 26% (SLR—3ft), to 28% (SLR—5 ft). If the FEMA FIRM BFE (12 ft) is employed little damage (<1%) is predicted. There is no change in the FEMA based estimate with SLR since FEMA BFEs do not consider the impacts of SLR. The difference between the FEMA FIRM results and those using SDE estimates is that FEMA assumes mean values for flood inundation levels for the 100 yr event, while SDE maps uses the upper 95% value, as hedge against uncertainties in the data and analysis methods. It is noted that modifications to the facility that systematically raise the CFE for key components will reduce the flooding impact. In deciding whether to raise these components a cost analysis would be prudent to study the cost of flood proofing/raising the component vs. the cost to repair the component post a flood event.



The March/April 2010 flood (500 yr) event in the Pawtuxet River, RI basin and its impact on the West Warwick, Warwick, and Cranston WWTF represented a rare opportunity to validate FEMA HAZUS damage curves for an actual event. The characteristics of this rainfall induced flooding event (SWEL) were well documented by an analysis of data from USGS gauging station data, a hindcast of the event using state of the art hydrologic models, and observations by plant operators. The plant personnel were able to provide details on the various components of the WWTF (grade elevations and CFE) and the damages and costs to repair the facility. Given this information the authors were able to estimate the percent damage by dividing the repair cost by the plant value. The analysis showed that the West Warwick and Warwick treatment plant incurred comparable damage at 18 and 21%, respectively. The damage to the Cranston facility was very low (<1%). The substantial difference between the damage to facilities was due to the degree of flooding, with West Warwick and Warwick facilities being completely inundated and the Cranston facility only having a few components impacted. Application using the FEMA HAZUS WWTF damage curves showed average damages of 28.8–29.7% for the West Warwick and Warwick facilities, respectively and less than <1% for the Cranston facility. Upper and lower bounds for the West Warwick and Warwick WWTF were in the range of 12 to 40%, and below <1% for Cranston. The average FEMA HAZUS damages (approximately 30%) are higher than observed values (18 to 21%) but larger than the below average values (11.8–13.4%). This analysis suggests that the FEMA HAZUS predictions are consistent with observations but slightly on the high side. Application of the NACCS damage curves, assuming that the components of the treatment plant can be represented as engineered and non-engineered structures shows comparable results to the observations. The current effort shows the importance of validating the WWTF damage curves to improve the support for their use in making accurate flood damage estimates.



This study has highlighted the importance of validating model predictions by applying the approach to assess the damage to WWTF from actual flooding events. It also suggests that a component-by-component assessment is likely warranted to provide insight into how best to mitigate damage in the redesign of the facilities.
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Figure 1. STORMTOOLS Coastal Environmental Risk Index (CERI) flow chart [1]. 
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Figure 2. Location of Warren WWTF on the Warren River, RI. Location of Warren, RI in Narragansett Bay (left panel, dark red is the Town of Warren and light red the Town of Barrington, to the north, and Town of Bristol, to the south), image of coastal flooding (100 yr) 4 to 16 ft above grade (blue to light yellow) (center panel) and close-up of the Warren WWTF (right panel, see yellow circle in center panel for location) of the WWTF. (The width of the right panel is 550 ft, and the height of 750 ft). The WWTF is located at 41 43′33” N and 71 17′02” W. 
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Figure 3. Major components of the Warren, RI WWTF. These are color coded to help in presenting the results of the analysis. Grit filter and primary sludge pump are not color coded since they experience only limited damage for short term flooding. 
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Figure 4. Grade elevation, 100 yr surge height, wave crest height, BFE relative to NAVD88 and grade (lower-level left panel) and impact of SLR on BFE from SDE maps with sea level rise (lower, right panel) for 100 yr flooding. The upper-level left panel shows FEMA BFE, relative to NAVD88, and upper right panel shows BFE, relative to NAVD88, based on SDE maps for the facility for no SLR. 
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Figure 5. FEMA HAZUS flood damage curves for WWTF. Values are provided for the average (red) and less than average (blue) and more than average (green) vs. inundation levels [6,7]. The values given by * are taken directly from the FEMA HAZUS damage table for WWTF. 
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Figure 6. Example of vertical locations of Critical Flood Elevation (CFE) for primary clarifier and generators, Warren WWTF. 
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Figure 7. Locations of the West Warwick, Cranston, and Warwick WWTF on the Pawtuxet River, RI. Center map shows the location of the facilities relative to upper Narragansett Bay and the Providence River. 
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Figure 8. Map of peak flood elevation (SWEL-Still Water Elevation, in ft relative to grade elevation) of the West Warwick, Warwick, and Cranston WWTF for the March/April 2010 flood event. The upper panel shows the design flow rates, value of the facility, still water flood elevation, and estimated repair costs provided by the plant operators. 
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Figure 9. Aerial photographs showing the inundation and damage to each component of the West Warwick (a), Warwick (b), and Cranston (c) WWTF. Inundation values are measured relative to CFEs for each component of the facility and damages for average (below and above average) are provided. 
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Figure 10. Percent damage vs. inundation curves from FEMA HAZUS, including less than average(blue), average(red), and more than average(green) values. Estimates of observed damage for the Warwick, West Warwick, and Cranston WWTF are also shown. Damages to the Warwick facility are also shown using NACCS damage curves [16] for commercial engineered and non-engineered structures. 
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Table 1. Grade elevation, CFE, FEMA BFE, and STORMTOOLS BFE (0, 2, 3, and 5 ft SLR) for each component of the Warren, RI WWTF. Color coding for components is consistent with Figure 3.
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FEMA Base Flood Elevation Compared to STORMTOOLS






	
Source

	
STORMTOOLS

	
Woodard& Curran Report

	
STORMTOOLS

	
STORMTOOLS

	
STORMTOOLS

	
STORMTOOLS

	
STORMTOOLS




	
Structure

	
Grade Elevation

	
CFE

	
FEMA BFE

	
100yr 0 SLR BFE

	
100yr 2 SLR BFE

	
100yr 3 SLR BFE

	
100yr 5 SLR BFE




	

	
(NAVD 88) (feet)

	
(NAVD 88) (feet)

	
(NAVD 88) (feet)

	
(NAVD 88) (feet)

	
(NAVD 88) (feet)

	
(NAVD 88) (feet)

	
(NAVD 88) (feet)




	
Primary Settling Tanks

	
5.6

	
11.53

	
12

	
17.7

	
19.92

	
20.93

	
22.98




	
Headworks

	
6.4

	
11.7

	
12

	
18

	
20.2

	
21.2

	
23.25




	
Chlorination Tank

	
9.1

	
12.7

	
12

	
19

	
21.02

	
22.03

	
24.09




	
Second Clarifiers

	
5.9

	
14.53

	
12

	
18.2

	
20.2

	
21.2

	
23.25




	
Operations Building

	
10.9

	
15.2

	
12

	
18.3

	
20.57

	
21.55

	
23.56




	
Aeration Tanks

	
2.1

	
17.7

	
12

	
16.3

	
18.33

	
19.35

	
21.43




	
Reactor Tanks

	
9.4

	
22

	
12

	
18.4

	
20.5

	
21.5

	
23.6
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Table 2. Estimated damages (%) for individual components of the Warren, RI WWTF. Average damages are provided first, followed below by lower and upper bounds in parenthesis. Values are provided for FEMA BFE and SDE BFE with increasing SLR (0 to 5 ft).
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FEMA HAZUS 100 yr Percent Damage with SLR






	
Structure

	
CFE (NAVD 88) (feet)

	
FEMA BFE Percent Damage

	
100-yr 0 SLR Percent Damage

	
100-yr 2 SLR Percent Damage

	
100-yr 3 SLR Percent Damage

	
100-yr 5 SLR Percent Damage




	
Primary Settling Tanks

	
11.53

	
3

	
30

	
30

	
40

	
40




	
(1–5)

	
(15–45)

	
(15–45)

	
(15–45)

	
(15–45)




	
Headworks

	
11.7

	
2

	
30

	
30

	
40

	
40




	
(1–3)

	
(15–45)

	
(15–45)

	
(15–45)

	
(15–45)




	
Chlorination Tank

	
12.7

	
0

	
30

	
30

	
40

	
40




	
(15–45)

	
(15–45)

	
(15–45)

	
(15–45)




	
Second Clarifiers

	
14.53

	
0

	
17

	
30

	
30

	
30




	
(9–26)

	
(15–45)

	
(15–45)

	
(15–45)




	
Operations Building

	
15.2

	
0

	
17

	
30

	
30

	
30




	
(9–26)

	
(15–45)

	
(15–45)

	
(15–45)




	
Aeration Tanks

	
17.7

	
0

	
0

	
5

	
8

	
17




	
(3–8)

	
(4–12)

	
(9–26)




	
Reactor Tanks

	
22

	
0

	
0

	
0

	
0

	
5




	
(3–8)




	

	
FEMA HAZUS

	

	
Average

	

	




	

	
Percent Damage

	
(less than average- more than average)
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Table 3. Estimated average damage (%) and loss value ($ Million) vs. BFE (FEMA, SDE with SLR).
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Valuation of the Facility: $50M

	

	

	




	
Design Flow: 5–6 MGD

	

	

	






	

	
100 year storm

	
100 year storm

	
100 year storm

	
100 year storm

	
100 year storm




	

	
0SLR (FEMA)

	
0 ft SLR

	
2 ft SLR

	
3 ft SLR

	
5 ft SLR




	
Avg Damage (%)

	
0.7

	
16

	
23

	
26

	
28




	

	
(0.2–1.1)

	
(9–27)

	
(13–33)

	
(13–34)

	
(15–37)




	
Value Loss

	
$0.40

	
$8.00

	
$11.50

	
$13.00

	
$14.00




	
(million USD)

	
(0.1–0.6)

	
(4.5–13.4)

	
(6.5–16.5)

	
(6.5–17)

	
(7.5–18.5)




	

	
FEMA HAZUS percent damage and value loss

	

	
average

	

	




	

	

	

	
(less than average- more than average)
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Table 4. Value, value loss, observed percent damage, and FEMA HAZUS based estimates of percent damage for West Warwick, Warwick, and Cranston WWTF. FEMA HAZUS average (less than and more than average) are provided.
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Observed Damage vs. FEMA HAZUS Percent Damage




	
Facility

	
Value (USD)

	
Value Loss (USD)

	
Observed Percent Damage

	
FEMA HAZUS Percent Damage






	
West Warwick

	
~$50–60 M

	
$8,875,475

	
15–18

	
28.8




	
(11.8–36.4)




	
Warwick

	
~$55 M

	
$11,499,496

	
21

	
29.7




	
(13.4–40.1)




	
Cranston

	
~$150 M

	
$102,544

	
<1

	
<1




	

	
FEMA Percent Damage

	

	
Average

	




	

	

	

	
(Less than average-More than average)
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