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1. Introduction 1 

Around 90% of the US population currently relies on centralized water supply systems, which are often 2 

characterized as infrastructure with distribution networks that provide service to an entire city or region 3 

(Dieter et al. 2018). With the benefit of economies-of-scale, these centralized systems can supply sufficient 4 

quantities of easily accessed, high-quality potable water with a relatively low cost to the consumers (Hunter 5 

et al. 2010). Nevertheless, management of these systems has become increasingly challenging. In the US, 6 

many crucial water conveyance pipes were installed over 100 years ago, while the total expected lifespan 7 

of the pipes is generally between 75 and 100 years (ASCE 2017). The country has fallen behind on repairing 8 

or replacing aged water systems. There are an estimated 240,000 water main breaks per year, resulting in 9 

losses of around six billion gallons of treated water per day (ASCE 2017). An estimated investment of $250 10 

billion over the next 30 years is needed to replace the aged water pipes and fixtures (AWWA 2001). 11 

Additionally, the centralized water supply scheme can have high vulnerability and lack adaptability to the 12 

increasingly common natural (e.g., droughts and flooding) and manmade (e.g., terrorist attacks) threats. On 13 

the other hand, decentralized water supply systems have been developed and increasingly integrated within 14 

the centralized network. Decentralized or distributed systems are smaller-scale dispersed facilities that are 15 

located near or at the point of use (JFW 2014). They can either function independently or remain connected 16 

to a centralized system (JFW 2014). Rainwater harvesting (RWH) and greywater recycling (GWR) systems 17 

are currently the two most widely investigated/implemented decentralized water systems (López Zavala et 18 

al. 2016). Decentralized systems are often touted as money- and energy-saving investments; however, 19 

poorly sized or sited systems can lead to an increased cost for the consumer and a net energy loss (Wang 20 

and Zimmerman 2015). A holistic understanding of how the decentralized water systems can be integrated 21 

on a city-scale to improve sustainability and resiliency is hence imperative.  22 

 23 

Over the last decade, life cycle assessment (LCA) and life cycle cost assessment (LCCA) have been 24 

increasingly applied for assessing RWH and GWR systems, although much uncertainty still exists as 25 

whether the decentralized systems can result in positive cost or energy savings. Many of these studies 26 
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adopted a case study approach that focused on specific building settings (e.g., Morales-Pinzón et al. 2015, 27 

Wang and Zimmerman 2015), but did not consider the influence of adoption patterns on a city scale. They 28 

commonly suggested that RWH or GWR systems with a higher service population or population density 29 

are more likely to achieve cost or energy savings (e.g., Godskesen et al. 2011, Jeong et al. 2016, Memon et 30 

al. 2007, Newman et al. 2014a, Wanjiru and Xia 2017, Ward et al. 2012). Only a few of these studies have 31 

considered the avoided treatment and pumping needs at the centralized plants as a result of the adoption 32 

(Angrill et al. 2012, Ghimire et al. 2014, Godskesen et al. 2011, Newman et al. 2014b, Ward et al. 2012). 33 

Of these that did consider the avoided treatment and pumping needs, findings vary significantly depending 34 

on the design of the decentralized systems and the system boundary that has been included in the analysis. 35 

None of these studies, however, considered the influence of household location within the context of the 36 

existing centralized network on the avoided pumping needs. 37 

 38 

Very few studies have examined the influence of integrating decentralized water systems into the existing 39 

centralized networks on a city scale. Matteo et al. (2017) investigated the optimized spatial distribution of 40 

RWH system adoptions based upon supply volume, water quality improvement, and life cycle cost. They 41 

found integrating RWH systems into the centralized network can improve the reliability of the water supply, 42 

but there is a tradeoff between reliability and cost. Similarly, Penn et al. (2013) optimized the spatial 43 

distribution of homes with GWR systems in a neighborhood to minimize life cycle energy cost and 44 

wastewater outflow using hydrodynamic modeling. They found the optimal amount of greywater water 45 

usage was highly related to the spatial location of the households. This study, however, did not include a 46 

full life cycle assessment. Neither studies, however, investigated the optimized sizing of the decentralized 47 

systems. Kavvada et al. (2016), on the other hand, investigated the optimal size and locations of shared 48 

decentralized water reuse systems in San Francisco, California. Optimal distribution was based on life cycle 49 

cost, energy and greenhouse-gas emissions which were determined by home elevation, population density, 50 

and road network analysis. This study determined that savings were more sensitive to spatial determinants 51 

for decentralized systems than their size or scale. One recent study investigated the optimal integration of 52 
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GWR and RWH systems at a regional scale based upon water volume and cost savings (Hargreaves et al. 53 

2019). However, life cycle energy savings as well as the avoided treatment and pumping needs from the 54 

centralized plants were not investigated. 55 

 56 

Most of the previous studies often investigate RWH and GWR systems separately, making their 57 

comparisons difficult. Ghisi, Rupp, and Triska (2014) applied RWH, GWR, and other potable water saving 58 

methods to a single school building in Brazil to examine the energy and cost outcomes. The RWH system 59 

was found to have a shorter payback period compared with the GWR system. However, the study used 60 

fixed flow rates and sizes to model the systems over the systems’ life span. On the other hand, Chang, Lee, 61 

and Yoon (2017) looked at the operation phases of GWR, RWH, as well as a typical centralized plant in 62 

South Korea to compare their energy consumptions. The GWR system was determined to be superior than 63 

both the RWH and the centralized water supply primarily due to the reduced amount of wastewater that 64 

needs to be treated. The completely different recommendations provided by the two studies are likely a 65 

result of the varied climate, building, and system settings that have been considered. This suggests the 66 

importance of developing models that can be easily generalized for different decentralized system 67 

applications.  68 

 69 

Our study combines LCA and LCCA with system dynamics modeling, tank size optimization, and spatial 70 

analysis. This model gives individual households of varying sizes and characteristics an optimally sized 71 

greywater or rainwater system based upon its life cycle cost and energy expenditure. RWH and GWR 72 

systems were selected for this study due to their common household applications for onsite non-potable 73 

collection and reuse. Areas in a city that can benefit most from decentralized system integration were then 74 

investigated. Boston, MA was selected as a study site given its expected population growth and aged water 75 

and wastewater infrastructure (Bowen et al. 2019). Our model aims to provide communities a tool that 76 

informs the feasibility of adopting decentralized systems based on energy and costs as well as to assist 77 

decision-making in future water infrastructure management policies. 78 
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2. Methodology 79 

Figure 1 illustrates the overall process of the modeling effort conducted in this study. Two system dynamics 80 

models, one for RWH and one for GWR, were first developed to simulate the daily water balance based 81 

upon the supply of rainwater or greywater, the non-potable water demand, and the available space in the 82 

storage tanks (Section 2.1). LCCA and LCA were then conducted to calculate life cycle cost and energy 83 

savings that can be achieved through the decentralized system installations considering their influences on 84 

the centralized drinking water treatment plant (DWTP) and the wastewater treatment plant (WWTP; 85 

Sections 2.2 and 2.3). These savings were then optimized for each individual residential household in 86 

Boston, MA to identify the scientifically optimal locations of decentralized system installations (Section 87 

2.4). All models were developed using the open sourced Python 3.7. A sensitivity analysis was performed 88 

to investigate the uncertainties related to key model assumptions (Section 2.5).  89 
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 90 

Figure 1 A schematic of the modeling framework applied in the current study 91 

 92 

RWH systems store rain that falls on a specific collection area. For this study, residential rooftops were the 93 

collection area for each individual system. Rainwater falls on the roof, flows by gravity to gutters, passes 94 

through a filter to remove solids, and accumulates in a storage tank at ground level (Figure 2(a)). GWR 95 

systems collect water that has already been used in a household for reuse with minimal treatment. Water 96 

from sinks, showers, and washing machines is collected in a storage tank (Figure 2(b)). Both the collected 97 

rainwater and greywater is used for non-potable uses including toilet flushing and lawn irrigation (Dixon 98 

et al. 2000, Hamilton et al. 2017), which reduces the need for having high-quality water in the storage tank 99 

(Gwenzi et al. 2015).  100 
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 101 

Figure 2 A schematic of the rainwater harvesting (a) and the greywater recycling (b) systems investigated 102 

in the current study 103 

 104 

Information for the households analyzed in the study was from the City of Boston’s open-sourced GIS data 105 

portal (Maps 2019). Particularly, the 2016 tax parcel dataset was used to obtain key attributes, including 106 

building type, street name and number, living area, number of floors, number of bedrooms, parcel square 107 

footage, average elevation, building type, and distance from the treatment plants (COB 2019). Out of the 108 

over 160,000 property parcels included within the dataset, only residential buildings were included in the 109 

analysis. All commercial buildings as well as any buildings that did not have bathrooms and bedrooms were 110 

omitted, which reduced the data size significantly to around 68,000. Apartment units that belong to the 111 

same building were combined by matching their street addresses, which allows us to investigate 112 

decentralized system installations on a building basis.  113 

 114 

2.1 Water Balance Model 115 

2.1.1 Rainwater and Greywater Supply, Yield, and Storage 116 

The dynamic portion of the model stems from rainwater and greywater supply and demand changing daily. 117 

For both systems, the yield-after-spillage method was used, meaning excess rainwater or greywater supply 118 

beyond the storage capacity will first be spilled. The remaining water in the tank will then be used for 119 

meeting the demand. Yield refers to the amount of demand that is met by the available rainwater or 120 

Pump TankPump Tank
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greywater volume in storage. This relatively conservative algorithm has been commonly used to simulate 121 

RWH models (Hanson et al. 2009, Wang and Zimmerman 2015). In this study, this excess volume becomes 122 

runoff for RWH systems or gets diverted to the sewer for GWR systems. The dynamic equations showing 123 

the yield and storage of the tank are shown in Eqs. 1 and 2. 124 

 125 

𝑌𝑡 = min {
𝑆𝑡−1

𝐷𝑡
  Eq. 1        126 

 127 

𝑆𝑡 = max {
𝑇 − 𝑌𝑡−1

0
 Eq. 2         128 

 129 

where 𝑌𝑡 is yield on day t, m³, 𝑆𝑡−1 is the volume of water available in the tank from the previous day, t-1, 130 

m³; 𝑇 is tank size, m³; and, 𝐷𝑡 is demand on day t, m³.  131 

 132 

Rainwater supply has an intermittent nature. The total rainfall volume sent to the RWH system each day 133 

was calculated using Eq. 3.  134 

 135 

𝑆𝑅𝑊,𝑡 = min {
𝑅𝐴 × 𝑃𝑡 × 𝐶𝑅

𝑇 − 𝑆𝑡
   Eq. 3 136 

 137 

where 𝑆𝑅𝑊,𝑡 is the rainfall collected in the tank on day t, m³; 𝑅𝐴 is the roof area, m², assumed to be the 138 

same as the buildings’ footprint; 𝑃𝑡  is the amount of precipitation on day t, m; 𝐶𝑅  is the roof runoff 139 

coefficient, which was assumed to be 0.9 (Wang and Zimmerman 2015); and, 𝑆𝑡 is the amount of water 140 

volume available in the tank on day t, m³. Particularly, daily precipitation data between 1988-2018 for 141 

Boston, MA was acquired from the Logan Airport gauge (NOAA 2019) to simulate rainwater supply over 142 

the assumed 30-year life span of RWH systems (Morales-Pinzón et al. 2015). 143 

 144 
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GWR systems have a consistent daily supply dependent on occupancy. The total greywater volume sent to 145 

the GWR system each day was calculated using Eq. 4. 146 

 147 

𝑆𝐺𝑊,𝑡 = min {
𝑁 × 𝑂𝐶 × (𝑆𝐻𝑡 + 𝐿𝑡 +  𝑆𝑈𝑡)

𝑇 − 𝑆𝑡
  Eq. 4 148 

 149 

Where 𝑆𝐺𝑊,𝑡  is the daily greywater collected in the tank, m³; 𝑁 is the number of bedrooms; OC is the 150 

average occupancy per bedroom calculated by dividing the Greater Boston area population (USCB 2019) 151 

by the total number of bedrooms in the residential buildings in this area, 2.47 persons/bedroom; 𝑆𝐻𝑡 is the 152 

shower water usage per person per day, 0.065 m³/person/day (USGS 2019); 𝐿𝑡 is laundry water usage per 153 

person per day, 0.018 m³/person/day (USGS 2019); and 𝑆𝑈𝑡 the sink water usage per person per day, 0.023 154 

m³/person/day (USGS 2019). 155 

 156 

2.2.2 Rainwater and Greywater Demand 157 

For this study, the non-potable uses are toilet flushing and lawn irrigation for both system types. The daily 158 

water use by toilet flushing was determined by daily flushing usage, or fixture rate, 0.072 m³ per person per 159 

day (Dieter et al. 2018) and the occupancy. Lawn irrigation was assumed to only occur between May and 160 

September and on days when there is no precipitation (Steffen et al. 2013). On days when lawn irrigation 161 

is needed, volume was determined using Eq. 5 (Kjelgren et al. 2016). All unmet demand was assumed to 162 

be supplemented by the centralized DWTP. 163 

 164 

𝐷𝐼,𝑡 = {
  𝐸 × 𝑃𝐹 × 𝐿𝐴/(𝐸𝐹 × 1000)         𝑖𝑓         𝑃𝑡 = 0, 𝑡 ∈ 𝐼𝑃

     0                                              𝑖𝑓        𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
         Eq. 5 165 

 166 

Where 𝐷𝐼,𝑡 is irrigation demand, m3; IP indicates the period in which lawn irrigation is typically applied, 167 

May to September; E is the evapotranspiration rate, which was assumed to be 2.79 mm for Boston during 168 

IP period (NRCC 2020); LA is the lawn area, m², which was estimated by subtracting the footprint of the 169 
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building from the land parcel; EF is the irrigation efficiency, which was assumed to be 50% (EPA 2003); 170 

and PF is the plant factor, which was assumed to be 0.8 (NRCC 2020, Romero and Dukes 2008). 171 

 172 

2.2 Life Cycle Cost Model 173 

The life cycle saving of a decentralized system depends on the capital, operation, and maintenance costs as 174 

well as the achievable economic savings over a 30-year life span. A net present value method was adopted 175 

which discounts all future costs back to the 2018-dollar value using an annual discount rate of 3%.  176 

 177 

2.2.1 Capital Cost 178 

Capital costs include construction and installation costs, while the construction cost consists of the pump 179 

cost, tank cost, and design cost. Pump cost was estimated based upon its horsepower using Eqs. 6-8. There 180 

was a minimum horsepower requirement of 0.5 due to typical pump sizes. Simultaneity factors were used 181 

to adjust the required pump horsepower based upon the fact that it is unlikely for all fixtures to operate 182 

simultaneously. Simultaneity factors are tiered values assigned based upon a building’s toilet flushing 183 

demand (INTEWA 2020). See the Supporting Information for detailed values of the simultaneity factors 184 

used in this study.  185 

 186 

𝑃𝐶 = −9.1053 × 𝑃ℎ
2  +  341.42 × 𝑃ℎ +  463.63   Eq. 6 187 

 188 

𝑃ℎ = max {
0.5

𝐹 × 𝑁𝐹 × 𝑊 × 𝑓 × 𝐻𝑟𝑒𝑞 (𝑃𝐸 × 𝑘)⁄    Eq. 7 189 

 190 

𝐻𝑟𝑒𝑞 = ℎ𝑝 + ℎ𝑒 + ℎ𝑓     Eq. 8 191 

 192 

Where 𝑃𝐶 is pump cost, $2018 USD; Ph is pump required hydraulic power, hp; F is fixture water flow rate; 193 

0.000252 m³/s; 𝑁𝐹 is number of fixtures in the building, which was estimated to be occupancy divided by 194 
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2; 𝑊is water density, 1000 kg/ m³; f simultaneity factor; Hreq is pump required head, m; PE is pump 195 

efficiency, which was assumed to be 0.5; k is a conversion factor, 75 kg·m/s per hp; hp is operation head 196 

for a fixture, assumed to be 14 m (Jones M 2020); ℎ𝑒 is elevation head calculated as building height minus 197 

3 m, m; ℎ𝑓 is friction loss, assumed to be 0.2 times of the approximate pipeline length, m. Pipeline length 198 

was estimated based upon building height and building area. See the Supporting Information for a more 199 

detailed description of the pipeline length estimation. 200 

 201 

The tank cost was a function of tank size calculated using Eq. 9 (WERF 2009). Tanks were assumed to be 202 

made of plastic materials. Installation cost was assumed to be 60% of the tank cost (WERF 2009), while 203 

the design cost was assumed to be 8% of the tank and pump costs (WERF 2009). 204 

 205 

𝑇𝐶 = (1.896 × 𝑇2 +  91.438 ×  𝑇 +  261.9) × 𝛼               Eq. 9 206 

 207 

Where 𝑇𝐶 is tank cost, $2009 USD; 𝑇 is tank size, m³; and α is a conversion factor for adjusting $2009 208 

USD to $2018 USD based on the historical average annual Consumer Price Index data (USBLS 2020). 209 

 210 

2.2.2 Operation and Maintenance Cost 211 

The operation cost was calculated based on the pumping energy for operating the decentralized systems 212 

based on Eqs 10-11. It was assumed that only the water for toilet flushing needs to be pumped upwards, 213 

while irrigation is gravity-fed. An indoor use ratio was used to indicate the proportion of rainwater or 214 

greywater that is used for toilet flushing out of the total yield on a particular day.  215 

 216 

𝑃𝐸𝐶𝑡 = 𝑌𝑡 × 𝐼𝑈𝑡 × 𝑔 × 𝐻𝑟𝑒𝑞 × 𝐸𝑃/(𝑃𝐸 × 3600)   Eq. 10 217 

 218 
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Where PECt is daily pumping energy cost, $; 𝑌𝑡 is yield on day t, m³; 𝐼𝑈𝑡 is indoor use ratio on day t, 219 

dimensionless; g is gravity acceleration, 9.81 m/s2; EP is the electricity price, which was assumed to be 220 

$0.216/kWh for Boston (USBLS 2020). 221 

 222 

Maintenance cost was set at $100 annually, which falls within the suggested range by various literature 223 

sources (USEPA 2013, WERF 2009). Maintenance of the system is required to ensure the tank and filter 224 

are in proper working order and unobstructed by clogs or failing equipment.  225 

 226 

2.2.3 Cost Benefit 227 

RWH systems can reduce potable water purchases from the centralized DWTP. GWR systems can reduce 228 

both potable water purchases and wastewater generations. Both benefits reduce the customer’s monthly 229 

water bills. Boston’s 2018 water rates were used for the simulation, with $1.82 per m³ for purchased potable 230 

water and $2.41 per m³ for sewer (BWSC 2019). For GWR systems, the combined savings per reused unit 231 

of greywater was $4.23 per m³. Although wastewater is generally charged based on drinking water usage 232 

in real life given a separate sewer meter is typically not installed, landlords in Massachusetts are permitted 233 

to implement individual sewer meters to accurately measure sewerage. The price elasticity of demand was 234 

not considered because decentralized system adoption is considered to offset potential future increases in 235 

drinking water demand and wastewater generation due to population and economic growth.     236 

 237 

2.3 Life Cycle Energy Model 238 

The life cycle energy model considers the energy expenditure of installing and operating an RWH or GWR 239 

system and the avoided energy for pumping and treatment at the centralized DWTP and the WWTP. RWH 240 

systems affect the pumping and treatment energy use in the centralized DWTP, while the GWR systems 241 

affect the energy use in both the DWTP and the WWTP.  242 

 243 

2.3.1 Avoided Pumping Energy 244 
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The avoided pumping energy from the DWTP was estimated using Eqs. 10-14. Wastewater was assumed 245 

to be transferred to the WWTP by gravity, and hence the avoided pumping energy from the WWTP was 246 

not considered.  247 

 248 

𝑃𝑀𝑡 = 𝑌𝑡  ×  𝑊 ×  𝑔 × 𝑇𝐻/(𝐶𝑃 × 𝛽)     Eq. 10 249 

 250 

𝑇𝐻 = {
𝐹𝐿 +  𝛥𝐸 +  𝑂𝑃 + 𝑉𝐻     𝑖𝑓         𝐹𝐿 +  𝛥𝐸 +  𝑂𝑃 + 𝑉𝐻 > 0
0                                              𝑖𝑓         𝐹𝐿 +  𝛥𝐸 +  𝑂𝑃 + 𝑉𝐻 ≤ 0

   Eq. 11 251 

 252 

𝐹𝐿 = 𝐹𝐶 × 𝐷𝑃         Eq. 12 253 

 254 

∆𝐸 = 𝐻𝐸 − 𝑃𝐸        Eq. 13 255 

 256 

𝑉𝐻 = 0.5 × 𝑉2/𝑔        Eq. 14 257 

 258 

where 𝑃𝑀 is centralized pumping energy savings on day t, kWh; TH is total head, m; CP is the centralized 259 

DWTP pumping efficiency, which was assumed to be 70%; β is a conversion factor, 3.6 × 106 Joule/kWh; 260 

𝐹𝐿 is friction loss, m; 𝛥𝐸 is the elevation head, m; 𝑂𝑃 is operating head, which was assumed be 49.2 m in 261 

order to meet the maximum daily demand and the requirement for fire protection (MWRA 2006); VH is the 262 

velocity head or the dynamic pressure, m; 𝐹𝐶 is friction loss coefficient, estimated to be 8 m/km, based on 263 

approximate pipe material and diameter (Ghorbanian et al. 2016, NRCNA 2006); 𝐷𝑃 is the minimum 264 

piping distance from each building to the DWTP, km; 𝐻𝐸 is household elevation, m, 𝑃𝐸 is the elevation of 265 

the DWTP, m; and 𝑉 is water velocity in the pipe, assumed to be 2 m/s (Brière 2014). Particularly, DP was 266 

estimated based upon Boston’s road network, assuming water pipes are located along the roads (Kavvada 267 

et al. 2016). A road network dataset was collected from Boston’s GIS data portal (COB 2019, Maps 2019). 268 

Approximate piping distance between the households and the DWTP was found using the Network Analyst 269 
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toolset in ArcMap 10.6 using the closest facility function (Figure 3). The network was completed by finding 270 

the centroid of each tax parcel, determining the closest road to each centroid, and creating a line from the 271 

centroid to the road network. The residential buildings, their corresponding data, and the DWTP were 272 

placed in the road network layer using the geo-referencing tool and address locators in ArcMap. Elevation 273 

of the households and the DWTP was determined using an elevation contours dataset from Boston’s GIS 274 

data portal (Maps 2019). The elevation of each tax parcel was determined by finding the average elevation 275 

spatially across the parcel.  276 

 277 

Figure 3 Pipeline network developed based upon the road network in Boston. Routes shown in the map 278 

are example routes generated between selected households and the drinking water treatment plant 279 

(indicated by the blue dot) and the wastewater treatment plant (indicated by the green dot). 280 

 281 

An empirical method was used to calibrate the modeled pumping energy to match the actual pumping 282 

energy used by the DWTP. To achieve this, annual total operational energy usages were obtained from the 283 

DWTP (i.e., John J. Carroll Water Treatment Plant). Pumping energy was assumed to represent 86% of the 284 

DWTP’s operational energy based on national average data (EPRI 2002). Accordingly, the actual pumping 285 

energy intensity was estimated to be 0.19 MJ/m³. We then used Eqs. 10-14 to model the pumping energy 286 

Boston
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saving for an “average” household over 30 years based on average household characteristics obtained from 287 

the tax parcel dataset. The average household features 3 floors, 74-meter elevation, 269.4-m2 living area, 288 

390.2-m2 land area, and 41.9-km distance from the DWTP, with a 5-m3 tank installed. A correction factor 289 

was then calculated to match the modeled avoided pumping energy intensity to the actual DWTP pumping 290 

intensity of 0.19 MJ/m³. The correction factor was 0.04 for both RWH and GWR systems.  291 

 292 

The calibrated pumping energy was then converted to the primary energy form. A conversion factor of 2.26 293 

MJ/MJ was obtained from SimaPro 8.5 by applying the Cumulative Energy Demand V1.10 method to a 294 

data entry named “Electricity, medium voltage (Abbas et al.)| market group for | Conseq, U”. 295 

 296 

2.3.2 Avoided Treatment Energy 297 

The avoided treatment energy was obtained from previous life cycle assessment studies on the John J. 298 

Carroll Water Treatment Plant (Mo et al. 2016) and the Deer Island Wastewater Treatment Plant (Khalkhali 299 

and Mo 2020). The energy intensity of drinking water treatment was estimated to be 1.62 MJ of primary 300 

energy/m3, while the energy intensity of wastewater treatment was estimated to be 1.68 MJ of primary 301 

energy/m3 (Khalkhali et al. 2018, Mo et al. 2016). 302 

 303 

2.3.3 Energy Used for Constructing, Operating, and Maintaining Decentralized Systems 304 

Energy usages for the decentralized systems were calculated for each of the residential households in the 305 

Boston tax parcel dataset. Construction energy is a single energy expenditure that accounts for pump 306 

manufacturing, tank manufacturing, and installation. These three components were calculated using the 307 

Economic Input-Output Life Cycle Assessment (EIO-LCA) web tool (CMU 2018). The “pump and 308 

pumping equipment manufacturing” sector was used for calculating the pump manufacturing energy 309 

intensity, and the associated embodied energy intensity was 8.49 MJ of primary energy/2002 USD. The 310 

"other plastic products manufacturing” sector was used for calculating the tank manufacturing energy 311 

intensity, and the embodied energy intensity was 14.8 MJ of primary energy/2002 USD. The “residential 312 
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permanent site single- and multi-family structures” sector was used to find the energy intensity of system 313 

installation, and its embodied energy intensity was 8.91 MJ of primary energy/2002 USD. Each of these 314 

energy intensities was multiplied with their respective cost calculated in Section 2.3.1 to obtain its total 315 

energy usage.  316 

 317 

The operation energy usage calculated from Eq. 10 was converted to the primary energy form using a factor 318 

of 2.26 MJ/MJ. The maintenance energy was also calculated using the EIO-LCA tool. The “other support 319 

services” sector was used to find the energy intensity of maintenance, which was 3.72 MJ/2002 USD (CMU 320 

2018). The maintenance energy intensity was then multiplied with the total maintenance cost to obtain the 321 

total maintenance energy usage.  322 

 323 

2.4 Optimization of Tank Sizes 324 

Tank size was optimized for each household to maximize either net cost or energy savings. The Brent’s 325 

method was used to select the optimal tank size (Brent 1971). The Brent’s method searches for the 326 

maximum savings point of each household using the bisection method, secant method, and inverse 327 

quadratic interpolation. The bisection method splits the output data in half until it finds the point of interest, 328 

in this case the maximum cost or energy savings. To use the Brent’s method, scipy.optimize and negative 329 

minimized scalar function was coded, with an accuracy range of 0.2 m³. Since the Brent’s method requires 330 

bounds to operate within, the maximum possible tank size was assumed to be 40 m³. Brent’s method 331 

assumes the function is concave. If the model’s output does not result in a concave function, the computed 332 

solution may be suboptimal. However, in our model tests on randomly selected households, we found all 333 

of the cost and energy results as a function of tank size are concave. Two optimal sizes were calculated for 334 

each system, one based on the highest life cycle cost savings and one based on the highest life cycle energy 335 

savings.  336 

 337 

2.5 Sensitivity Analysis 338 
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To evaluate which variables had the greatest effect on the cost and energy outcomes, a sensitivity analysis 339 

was conducted. All the constant input variables were varied and tested in the sensitivity analysis for the 340 

average household described in Section 2.4.1 over its life span. The tested variables include height per floor, 341 

electricity price, pump efficiency, water price, fixture rate, lawn condition, irrigation efficiency, water 342 

velocity in pipes, discount rate, laundry loads, shower flow, sink flow, occupancy per bedroom, friction 343 

loss coefficient, central pump efficiency, operation pressure, maintenance energy intensity, pump embodied 344 

energy, tank embodied energy, installation energy intensity, installation cost, annual maintenance cost, 345 

evapotranspiration rate, and plant factor. Input variables were changed by ±25% and ±50% to represent a 346 

reasonable range of possible values. To determine the variables’ influence on the outcomes, Eq. 14 was 347 

used to create a sensitivity index (Song et al. 2019). Variables were considered highly sensitive if their 348 

indices were greater than one. 349 

 350 

𝑆𝐼 =  
𝐶𝑂− 𝑂𝑂

𝑂𝑂
𝐶𝐼−𝑂𝐼

𝑂𝐼

  Eq. 15 351 

 352 

where 𝑆𝐼 is sensitivity index, 𝐶𝑂 is the changed output value, 𝑂𝑂 is the original output value, 𝐶𝐼 is changed 353 

input value, and 𝑂𝐼 is original input.  354 

 355 

3. Results and Discussion 356 

This section describes the spatial patterns of life cycle cost and energy savings under city-scale residential 357 

adoptions of RWH (Section 3.1) and GWR (Section 3.2) systems in the testbed area of Boston. A 358 

comparison of the optimal spatial adoption patterns of the RWH and GWR systems was made and its 359 

implications were discussed (Section 3.3). Lastly, findings from the sensitivity analysis were presented and 360 

discussed (Section 3.4). Figure 4 provides an overview of all neighborhoods within the City of Boston to 361 

assist the spatial distribution discussions in the following sections. Additional information related to the 362 

spatial distributions of household characteristics was provided in Figure S-1 of the support information.  363 



17 

 

 364 

Figure 4 Names and spatial boundaries of all neighborhoods located within the City of Boston 365 

 366 

3.1 RWH Systems Optimized for Maximized Life Cycle Cost and Energy Savings  367 

Figure 5 presents the spatial distribution of the optimal tank sizes, life cycle cost, life cycle energy savings, 368 

and the percent demand met of RWH systems across Boston city when they are optimized for life cycle 369 

cost and life cycle energy, respectively. The average cost-optimized tank size is 3.25 m³ (ranging from 0.04 370 

~ 17.7 m³; Figure 5A). Larger tank sizes are generally correlated with higher life cycle cost savings 371 

(r=0.976; see the Supporting Information for correlation coefficients for all reported metrics). Installing 372 

cost-optimized RWH systems across the city will lead to end users losing an average of $33/year. This 373 

indicates a generally limited economic attractiveness of RWH systems. The life cycle costs of individual 374 

buildings range from -$182 to $388 per year (Figure 5B). Out of the 68,567 residential buildings in Boston, 375 

only 8,130 or 12% are able to achieve positive cost savings. These buildings can be characterized with 376 

relatively larger roof sizes and lawn areas per tenant, which allow more rainwater to be collected and used 377 

without extra pumping. Buildings with high life cycle costs are those with high building heights and tenant 378 

numbers but very limited lawn irrigation needs. This is because of their high pumping costs associated with 379 
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applying the collected rainwater for toilet flushing. Buildings that can yield positive cost savings are more 380 

common in the middle city such as the Jamaica Plain, Roxbury and Dorchester neighborhoods, while 381 

buildings with negative cost savings are more common in high-density communities in the downtown and 382 

its surrounding areas. However, high-density areas are often more prone to flooding risk, which can be 383 

mitigated through RWH systems. Hence, creating shared RWH systems amongst large apartment buildings 384 

with nearby parks or buildings with larger irrigation needs can potentially co-optimize both the cost of 385 

RWH systems and the reduction of flooding risk.  386 

 387 

All cost-optimized RWH systems result in an increase in the life cycle energy consumption for providing 388 

water and wastewater services. The increase in life cycle energy ranges from 384 to 1,528 MJ per year with 389 

an average of 417 MJ/year (Figure 5C). This is largely due to the energy needed for constructing and 390 

implementing the RWH systems. The avoided pumping and treatment energy use at the DWTP and WWTP 391 

were found to offset only about 40 % of the embodied energy associated with the RWH systems over a 30-392 

year time frame. Life cycle energy of the RWH systems across the city has a distinct spatial pattern as 393 

compared with that of life cycle cost (r=0.055). This is because, as compared to life cycle cost, life cycle 394 

energy is further influenced by a building’s distance from the DWTP and its elevation. This finding 395 

indicates the potential importance of these spatial characteristics as well as the spatial RWH adoption 396 

patterns in determining the potential energy benefits. Overall, buildings located in the southern sub-urban 397 

areas and East Boston use relatively less energy due to their relatively higher elevations and larger lawn 398 

areas. Downtown areas such as Back Bay and South End have more buildings with very high energy use, 399 

mainly due their higher toilet flushing pumping need.  400 

 401 

Cost-optimized RWH systems can meet an average of 21% of the flushing and lawn irrigation demand, 402 

with values for individual buildings range from 0.62 to 95 % (Figure 5D). These RWH systems combined 403 

save an average of 6.0 million m3/year from the DWTP. Demand met is dependent on both the amount of 404 

rainwater that can be collected as well as the overall irrigation and toilet flushing demand. The spatial 405 
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distribution of percent demand met is relatively uniform across the city, except that the downtown area has 406 

the highest demand met in general. 407 

 408 

Figure 5 The spatial distribution of A) cost-optimized tank sizes (m3); B) cost-optimized life cycle cost 409 

saving ($/year); C) cost-optimized life cycle energy saving (MJ/year); D) cost-optimized demand met (%); 410 

E) energy-optimized tank sizes (m3); F) energy-optimized life cycle cost saving ($/year); G) energy-411 

optimized life cycle energy saving (MJ/year); H) energy-optimized demand met (%) of residential rainwater 412 

harvesting (RWH) systems in the city of Boston.  413 

 414 

The average energy-optimized tank size across the city is 0.94 m³, with tank sizes for individual buildings 415 

range from 0.04 ~ 4.69 m³ (Figure 5E). These tank sizes are generally much smaller compared with cost-416 

optimized tank sizes, although they are highly correlated (r=0.908). The average size of the energy-417 

optimized tanks is around 29% of the cost-optimized tank size. Smaller tank size is favored from an energy 418 

perspective because of the relatively more significant contribution of the construction and installation phase 419 

to the life cycle energy. Nevertheless, smaller tanks are less favorable from a stormwater management 420 

perspective.  421 

 422 
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Energy-optimized RWH systems will lead to an average loss of $57 per year for end users, with life cycle 423 

costs of individual buildings range from -$219 to $219 per year (Figure 5F). In general, energy optimization 424 

imposes a higher economic cost on end users. Only 670 buildings (around 1% of all buildings) are able to 425 

achieve positive cost savings. All buildings experience increased life cycle energy consumption after 426 

installing RWH systems, ranging from 231 to 929 MJ/year (Figure 5G). The average increase in life cycle 427 

energy is 362 MJ/year, which is slightly lower than the increase under cost optimization. Comparing the 428 

cost and energy optimization results, the cost efficiency of life cycle energy reduction is ($57/year-429 

$33/year)/(417 MJ/year-362 MJ/year) = $0.44/MJ of primary energy. Considering the primary energy 430 

factor applied, this value can be further converted to a cost effectiveness of $0.27/kWh, which is higher 431 

than Boston’s electricity price (USBLS 2020). This indicates a potential lack of attractiveness for adopting 432 

energy-optimized system sizes. Most of the buildings with the highest energy use under energy-433 

optimization are located in the downtown area (Back Bay, Allston, and South End neighborhoods), where 434 

buildings can be characterized with larger height, higher occupancy, smaller lawn area per tenant, and 435 

longer distance from the DWTP. Buildings with lower life cycle energy consumption are generally located 436 

in the middle city, especially those with relatively longer distances from the DWTP and larger roof areas 437 

per tenant. In contrast, communities in the downtown and its surrounding areas have the highest life cycle 438 

energy consumption.  439 

 440 

The energy-optimized RWH systems can only meet an average of 13% of the irrigation and toilet flushing 441 

demand, with individual buildings range from 0% - 69% (Figure 5H). These systems combined save an 442 

average of 3.8 million m3/year from the DWTP. The spatial distribution of energy-optimized percent 443 

demand met is also relatively uniform across the city.  444 

 445 

3.2 GWR Systems Optimized for Maximized Life Cycle Cost and Energy Savings  446 

Figure 6 presents the spatial distribution of the optimal tank sizes, life cycle cost, life cycle energy savings, 447 

and the percent demand met of GWR systems across Boston city when they are optimized for life cycle 448 
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cost and life cycle energy, respectively. The average cost-optimized tank size is 2.35 m³, with individual 449 

building values range from 0.04 to 20.31 m³ (Figure 6A).  450 

 451 

All buildings installed with cost-optimized GWR systems can achieve positive cost savings, which range 452 

from $52 to $19,351/year (Figure 6B). The average cost saving is $948/year. Unlike RWH systems, higher 453 

cost savings are achieved in buildings with higher tenant number but not necessarily with big tanks, as such 454 

systems produce a higher yield but relatively low construction cost. These buildings are generally located 455 

in communities the downtown and its surrounding areas. In contrast, neighborhoods located in southern 456 

sub-urban areas have the lowest cost saving.  457 

 458 

Around 98% of the cost-optimized GWR systems can achieve energy savings with an average saving of 459 

586 MJ/year. Actual energy saving of individual buildings range from -34,532 to 4,035 MJ/year (Figure 460 

6C). The distribution of life cycle energy saving has a very different pattern as compared to the distribution 461 

of life cycle cost saving (r=-0.108), indicating the important influences of spatial characteristics such as 462 

elevation and distance from the DWTP. Neighborhoods located in the middle city perform the best from 463 

the energy perspective, mainly due to generally lower building heights and longer distance from the DWTP. 464 

Neighborhoods located in southern sub-urban areas have the lowest energy saving. 465 

 466 

Cost-optimized GWR systems can meet 82% of the irrigation and toilet flushing demand on average, with 467 

values for individual buildings range from 2 to 100% (Figure 6D). These GWR systems combined save an 468 

average of 26.6 million m3/year from the DWTP. Overall, the downtown area and the northern Boston have 469 

the highest demand met while the southern sub-urban area has the lowest.  470 
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 471 

Figure 6 The spatial distribution A) cost-optimized tank sizes (m3); B) cost-optimized life cycle cost saving 472 

($/year); C) cost-optimized life cycle energy saving (MJ/year); D) cost-optimized life cycle demand met 473 

(%); E) energy-optimized tank sizes (m3); F) energy-optimized life cycle cost saving ($/year); G) energy-474 

optimized life cycle energy saving (MJ/year); H) energy-optimized demand met (%) of residential 475 

greywater recycling (GWR) systems in the city of Boston.  476 

 477 

Energy-optimized GWR systems have smaller tank sizes compared with cost-optimized GWR systems. 478 

Energy-optimized tank sizes range from 0.03~11.74 m³ with an average of 1.7 m³ (Figure 6E). Energy-479 

optimized tank sizes have a relatively high correlation with cost-optimized tank sizes (r=0.801). Energy-480 

optimized tank sizes are also relatively indicative of GWR’s life cycle cost saving (r=0.834) and life cycle 481 

energy saving (r=0.829).  482 

 483 

Almost all the households (>99.9%) can achieve cost saving under energy optimization. The average cost 484 

saving is $909/year, with individual building values range from -$182 to $11,522/year (Figure 6F). Energy 485 

optimization only slightly reduces average cost saving by 6% as compared to cost optimization. This 486 

indicates the economic savings of GWR systems are not very sensitive to the optimization objectives, 487 
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although they result in significantly different GWR system sizes (38% difference) being installed. Similar 488 

to cost optimization, the downtown area generally performs the best in terms of cost saving, while the 489 

southern sub-urban area has the least cost saving.  490 

 491 

About 98 % of the buildings can achieve positive energy saving. The average energy saving is 622 MJ/year, 492 

with individual building savings range from -966 ~ 4,035 MJ/year (Figure 6G). Similarly, energy 493 

optimization only resulted in a slight increase (4%) in the average energy saving as compared to cost 494 

optimization. A cost efficiency of life cycle energy reduction can be calculated as ($948/year-495 

$909/year)/(622 MJ/year-586 MJ/year) = $1.08/MJ of primary energy, which is even more expensive 496 

compared to the value calculated for RWH systems. This again indicates a low attractiveness for adopting 497 

energy-optimized GWR system sizes as compared to cost-optimized system sizes. Unlike cost-498 

optimization, buildings with the highest life cycle saving are mainly located in the middle of the city as 499 

compared to downtown area. Distance to the DWTP and elevation play a relatively small role here, as areas 500 

with higher elevations are generally closer to the DWTP. 501 

 502 

The average demand met of energy-optimized GWR systems is 81 %, with individual building values range 503 

from 0~100 % (Figure 6H). These systems combined save an average of 25.5 million m3/year from the 504 

DWTP. The met demand throughout the city has a similar pattern under cost and energy optimizations.  505 

 506 

3.3 Comparison of the RWH with GWR systems 507 

Larger cost-optimized tank sizes are needed for the RWH systems than GWR systems to store and supply 508 

more water and minimize the cost. However, the energy optimized tanks of the RWH systems are smaller 509 

than the GWR systems, which is mainly due to GWR’s more significant energy savings, resulting in the 510 

system construction energy being less significant. While RWH systems can barely save any energy or 511 

money, GWR system can provide both cost and energy savings for most of the buildings. Water supply 512 

performance of GWR systems are also superior to RWH systems. The reason for this is because GWR 513 
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systems have a relatively constant daily greywater supply, while the RWH systems depend on intermittent 514 

rainfalls.  515 

 516 

For RWH systems, buildings with larger roof areas and larger tank sizes in the middle of the city allows for 517 

a higher cost saving. However, for GWR systems, high occupancy buildings in the downtown area, not 518 

necessarily with big tanks are able to achieve higher cost saving. Larger tanks allow for more storage for 519 

rainwater in RWH systems, while higher occupancy allows for more tank refill in GWR systems. However, 520 

larger tank sizes are not favored from an energy perspective, because of their more significant construction 521 

and installation energy contributions to the life cycle energy. This effect is prominent in both RWH and 522 

GWR systems when they are being optimized for cost savings. However, when these systems are optimized 523 

for energy savings, the resulting life cycle cost and energy savings present a more identical spatial pattern. 524 

This indicates a potential tradeoff between the “individual good” (i.e., user cost) and the “common good” 525 

(i.e., energy saving on a city perspective), when users choose to adopt cost-optimized system sizes. 526 

Incentives might be developed to balance both the “individual good” and the “common good”.  527 

 528 

Spatially, the middle city area is generally good for both RWH and GWR system adoptions from both cost 529 

and energy perspectives. This is because the area has relatively dense population, higher building 530 

occupancy, but more single-family housing units with relatively larger roof area and higher irrigation 531 

demand. This area also has a relatively lower economic status with aged infrastructure systems as compared 532 

to other communities in Boston (LDEST 2020). Incentives might be provided to allow shared, combined 533 

RWH and GWR systems to be considered with infrastructure renovation efforts to maximize cost and 534 

energy benefits for the local communities. The southern sub-urban areas are the most suitable for installing 535 

RWH systems. This is because the area has relatively low population density, high elevation, and large 536 

lawn areas. Promotion of GWR systems needs to be avoided in these areas. The downtown and its 537 

surrounding areas are the most suitable for promoting GWR systems. This is because the area has the 538 

highest population density combined with more multi-family housing units. When taking stormwater 539 
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management into consideration, the downtown area can also benefit from combined RWH and GWR 540 

systems.  541 

 542 

3.4 Sensitivity Analysis  543 

Table 2 presents the sensitivity indices of the RWH and GWR’s life cycle cost and energy savings when 544 

installed in an average household. The life cycle energy savings of the GWR and RWH systems were not 545 

highly sensitive to changes of most input variables, except when pumping efficiency is significantly reduced 546 

in the GWR system. The GWR life cycle energy is moderately sensitive to changes in the fixture rate and 547 

shower flow, as well as reductions in centralized system pumping efficiency, indicating the general 548 

importance of pumping energy and shower greywater supply in determining the GWR energy. The RWH 549 

life cycle energy is moderately sensitive to the tank embodied energy, indicating the importance of initial 550 

construction in determining the RWH energy. The GWR system’s life cycle cost was highly sensitive to 551 

water and wastewater prices with a sensitivity index of 1.2. It is also moderately sensitive to the fixture rate. 552 

The RWH system’s life cycle cost was highly sensitive to changes in the water price, the annual 553 

maintenance cost, and the reductions in the discount rate. This can be explained by the relatively significant 554 

maintenance cost contribution in the RWH system compared to the annual pumping cost.  555 

 556 

Table 2 Absolute sensitivity index under input changes for the life cycle cost and energy savings 557 

associated with the RWH and the GWR systems when installed in a typical household in Boston 558 

Absolute sensitivity 
index 

GWR (life cycle cost 
saving) 

GWR (life cycle 
energy saving) 

RWH (life cycle cost 
saving) 

RWH (life cycle energy 
saving) 

Input changes (%) -50 -25 25 50 -50 -25 25 50 -50 -25 25 50 -50 -25 25 50 

Discount rate 0.50 0.47 0.41 0.38     1.03 0.95 0.83 0.78     

Pump efficiency 0.01 0.01 0.00 0.00 0.95 0.64 0.38 0.32 0.06 0.04 0.02 0.02 0.31 0.20 0.12 0.10 

Electricity price 0.01 0.01 0.01 0.01     0.03 0.03 0.03 0.03     

Irrigation efficiency 0.00 0.00 0.00 0.00 0.08 0.07 0.06 0.06 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 

Laundry flow 0.10 0.10 0.10 0.10 0.19 0.19 0.19 0.19         

Sink flow 0.12 0.12 0.12 0.12 0.24 0.24 0.24 0.23         

Floor height 0.00 0.00 0.00 0.00 0.14 0.14 0.14 0.14         

Fixture rate 0.61 0.58 0.56 0.51 0.88 0.82 0.81 0.73         

Water (and wastewater) 
price 

1.16 1.16 1.16 1.16     2.36 2.36 2.36 2.36     
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Plant factor 0.02 0.00 0.00 0.00 0.12 0.08 0.05 0.05 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 

Shower flow 0.36 0.35 0.34 0.31 0.69 0.69 0.66 0.60         

Number of tenants per 
fixture 

0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.01 0.00 0.00 0.00 

Potential 
evapotranspiration 

0.02 0.00 0.00 0.00 0.12 0.08 0.05 0.05 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 

Friction loss coefficient     0.34 0.34 0.34 0.34     0.09 0.09 0.09 0.09 

Central pumping 
efficiency 

    0.57 0.38 0.23 0.22     0.15 0.10 0.06 0.06 

Operation pressure     0.02 0.02 0.02 0.02     0.01 0.01 0.01 0.01 

Maintenance energy 
intensity 

    0.30 0.30 0.30 0.30     0.36 0.36 0.36 0.36 

Pump embodied energy     0.18 0.18 0.18 0.18     0.22 0.22 0.22 0.22 

Tank embodied energy     0.38 0.38 0.38 0.38     0.46 0.46 0.46 0.46 

Installation energy 
intensity 

    0.14 0.14 0.14 0.14     0.17 0.17 0.17 0.17 

Velocity in pipeline     0.00 0.00 0.00 0.00     0.00 0.00 0.00 0.00 

Adj factor     0.28 0.28 0.28 0.28     0.07 0.07 0.00 0.00 

Installation cost 0.02 0.02 0.02 0.02 0.14 0.14 0.14 0.14 0.35 0.35 0.35 0.35 0.17 0.17 0.17 0.17 

Annual maintenance 
cost 

0.08 0.08 0.08 0.08 0.30 0.30 0.30 0.30 1.83 1.83 1.83 1.83 0.36 0.36 0.36 0.36 

 559 

4. Conclusion 560 

This study investigated the cost and energy implications of decentralized, household RWH and GWR 561 

system adoptions from a spatial perspective. Particularly, we investigated the spatial distributions of life 562 

cycle cost, life cycle energy, and percent demand met of these two systems under cost- and energy-563 

optimized system sizes. Simulations were conducted for each individual residential household in the city 564 

of Boston. The results showed that RWH systems can only allow 12% or less of the residential buildings 565 

in the city to achieve positive cost savings no matter under cost- or energy-optimization. Installation of 566 

these RWH systems will increase the overall energy use by an average of 362-417 MJ/year. The average 567 

percent demand met that can be provided through RWH system installations is around 13-21% of the total 568 

toilet flushing and irrigation demand. GWR systems are able to achieve much higher cost and energy 569 

savings and percent demand met as compared with RWH systems. An average life cycle cost saving of 570 

$909-948/year and an average life cycle energy saving of 586-622 MJ/year can be achieved via installing 571 

cost- or energy-optimized GWR systems. Meanwhile, averaged percent demand met is around 81-82% of 572 

the total toilet flushing and irrigation demand. We also found that spatial characteristics such as a building’s 573 
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elevation and its distance from the DWTP can have a notable effect on the life cycle energy savings of both 574 

the RWH and the GWR systems, which aligns with findings from Kavvada et al. (2016).  575 

 576 

There is also a tradeoff between the “individual good” (i.e., user life cycle cost) and the “common good” 577 

(i.e., life cycle energy saving on a city perspective) in both RWH and GWR systems when the tank sizes 578 

are optimized for cost savings. Incentives might be provided to nudge individual users’ behaviors toward 579 

the common good. For instance, the middle city area is generally good for both RWH and GWR system 580 

adoptions from both cost and energy perspectives. This area is also one of the oldest areas in Boston with 581 

relatively low economic income. Hence, incentives might be provided to foster the consideration of shared, 582 

combined RWH and GWR systems with infrastructure renovation efforts to allow maximized cost and 583 

energy benefits for the local communities. On the other hand, the southern sub-urban areas are generally 584 

the most suitable for installing RWH systems, while the downtown and its surrounding areas are generally 585 

the most suitable for promoting GWR systems. When taking stormwater management into consideration, 586 

the downtown area can also benefit from combined RWH and GWR systems as well as shared systems with 587 

local parks or other buildings with larger irrigation demands. 588 

 589 

Lastly, a changing economy or environment could also impact the economic and energy feasibility of GWR 590 

and RWH, especially in areas with existing water shortage or scarcity. If the utility prices of water and 591 

wastewater increase, homeowners could potentially see higher cost savings with the use of water that is 592 

recycled or reused. Water and wastewater treatment could also require more energy, as emerging pollutants 593 

are regulated and new energy-intensive steps need to be added to the treatment train, all of which can 594 

potentially lead to an increased attractiveness of RWH or GWR systems. The modeling framework 595 

presented in this study can be generalized to assist with incentive design and planning of decentralized 596 

water systems.  597 

 598 
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