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Abstract 9 

This study investigates an often-overlooked constraint on greywater reuse feasibility: 10 

drainage self-cleansing velocity requirements. An integrated simulation framework 11 

coupling WNTR (potable hydraulics), PySWMM (drainage modeling), and NSGA-II (multi-12 

objective optimization) evaluated 72 building configurations varying in height (3-20 floors), 13 

demand intensity (0.3-0.6 L/s per floor), and drain diameter (100-200 mm). Results 14 

demonstrate that drainage velocity constraints (≥0.6 m/s), not water availability, impose 15 

the binding limit on reuse potential. Buildings with 3-5 floors cannot achieve feasible reuse 16 

regardless of pipe diameter due to insufficient baseline velocity. Counter-intuitively, 17 

smaller pipes enable greater reuse: 100 mm drains allow 47% reuse at 10 floors versus 18 

0% for 150–200 mm drains at the same height. Only buildings with 7+ floors (100 mm 19 

drain) or 20+ floors (150 mm drain) achieve meaningful reuse. These findings yield a key 20 

design recommendation: drain sizing should be based on post-reuse flows, not pre-reuse 21 
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peaks. The resulting guidelines enable practitioners to assess greywater feasibility early 22 

in planning before committing to hydraulically infeasible targets. 23 

Keywords: Building water systems, design guidelines, drainage velocity, greywater 24 

reuse, multi-objective optimization, one water, and self-cleansing velocity.  25 

Practical Applications 26 

This study provides practitioners with actionable guidelines for greywater system 27 

feasibility assessment. The critical first step is verifying that baseline drainage velocity 28 

exceeds 0.6 m/s; without this, reuse is infeasible regardless of other design choices. 29 

Buildings with 3-5 floors cannot achieve viable reuse with standard pipe sizing. For mid-30 

rise buildings (7+ floors), smaller drainage pipes (100 mm) paradoxically enable greater 31 

reuse than larger pipes (150–200 mm) by maintaining adequate velocity at reduced post-32 

reuse flows. The key design principle: size drains for anticipated post-reuse flows, not 33 

pre-reuse peak demands. For new construction, the recommended sequence is (1) verify 34 

velocity feasibility, (2) define reuse targets, (3) size drains, then (4) design the potable 35 

system, reversing conventional practice. These findings enable early-stage feasibility 36 

screening before committing to hydraulically infeasible targets.  37 



3 
 

Introduction 38 

Building water systems account for approximately 11-12% of global freshwater 39 

withdrawals (Flörke et al., 2013; UNESCO, 2024), with this proportion reaching over 20% 40 

in industrialized nations.  Sustainable building water systems addressing greywater reuse 41 

directly advance Sustainable Development Goal (SDG) Target 6.3 goals to significantly 42 

increase water recycling and safe reuse (United Nations, 2024), with potential to reduce 43 

potable water demand by 28-42% in multi-story buildings (Ghisi & Ferreira, 2007). With 44 

approximately 43.9 million multifamily residences in the United States representing 31.4% 45 

of housing stock (NAHB, 2019), and mid-rise buildings (5+ stories) comprising the most 46 

economically viable candidates for greywater systems (Friedler & Hadari, 2006), the “One 47 

Water” integrated management approach offers substantial potential for sustainable 48 

urban water governance (US Water Alliance, 2016). However, feasibility assessments 49 

typically focus on water savings potential while overlooking critical infrastructure/physical 50 

constraints that may limit practical implementation. 51 

 52 

Existing greywater reuse research predominantly examines water savings potential, 53 

treatment technologies, and economic feasibility.  Studies have investigated collection 54 

strategies and network optimization (Khor et al., 2020), treatment efficacy using filtration, 55 

biofiltration, and disinfection technologies (Bakheet et al., 2020; Filho et al., 2018), and 56 

cost-benefit analyses for multi-story buildings (Friedler & Hadari, 2006).  These analyses 57 

typically evaluate reuse rates by matching greywater sources (showers, sinks, laundry) 58 

with end uses (toilet flushing, irrigation), with Penn and colleagues  demonstrating that 59 

light greywater reuse reduces daily wastewater flows by 25-40% (Penn et al., 2012). 60 
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Recent studies have applied multi-objective optimization to greywater systems at 61 

household and community scales (Brock et al., 2012; Khor et al., 2020) and explored 62 

energy recovery from gravity-driven greywater flow in tall buildings (Hadad et al., 2022; 63 

Oron et al., 2024). However, these studies consistently assume hydraulic feasibility 64 

without verification, treating potable supply and drainage systems as independent 65 

components. While this approach identifies theoretical savings, it overlooks critical 66 

drainage hydraulic constraints that may render proposed systems impractical or require 67 

significant infrastructure modifications. 68 

 69 

Building water system optimization has advanced significantly in pump scheduling and 70 

energy efficiency. Variable-frequency drive (VFD) pumps enable demand-responsive 71 

operation, with studies reporting 40-80% energy savings compared to constant-speed 72 

operation (de Souza et al., 2021). Multi-objective optimization frameworks using genetic 73 

algorithms have been applied to integrated water systems, including rainwater and 74 

greywater reuse (Brock et al., 2012) and green-grey stormwater infrastructure (Leng et 75 

al., 2021), demonstrating trade-offs between energy consumption, cost, and hydraulic 76 

performance (Gungor Demirci et al., 2020; Sabzkouhi et al., 2022).  Zhang et al. 77 

developed the SUWStor optimization model for urban wastewater systems incorporating 78 

decentralized greywater reuse, generating Pareto solutions that include hydraulic 79 

parameters of sewer and reclaimed water networks (Zhang et al., 2023).  However, these 80 

studies focus on energy and cost optimization without explicitly constraining drainage 81 

velocity for self-cleansing requirements.  The integration of supply-side pump optimization 82 
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with drainage velocity constraints in building-scale systems remains unexplored, despite 83 

the fundamental coupling introduced by greywater collection and reuse. 84 

 85 

Drainage system design follows established plumbing codes requiring minimum self-86 

cleansing velocity (typically ≥ 0.6 m/s) to prevent sediment deposition and pipe blockage 87 

(Bailey et al., 2019; Dev et al., 2021). Dev et al. (2021) incorporated this 0.6 m/s velocity 88 

constraint into their optimization model for wastewater reuse systems, noting that reduced 89 

flow rates from greywater reuse increase the operational cost of flushing when pipes fall 90 

below this threshold. Bailey et al. (2019) predicted that water conservation scenarios 91 

cause flow velocity at peak discharge to drop below the self-cleaning velocity, indicating 92 

potential blockage problems. Conventional practices size drainpipes for pre-reuse peak 93 

flows with safety margins but provide no guidance for post-reuse reduced flows. The 94 

hydraulic performance of partially filled pipes depends on both flow rate and pipe diameter 95 

through Manning's equation (Gupta, 2017), creating non-intuitive relationships between 96 

drainpipe sizing and flow velocity.  Parkinson et al. developed models showing that water 97 

conservation technologies, including greywater reuse, reduce in-sewer flow velocities and 98 

increase sedimentation risk (Parkinson et al., 2005).  Despite the fundamental importance 99 

of maintaining adequate drainage velocity, this constraint remains largely absent from 100 

building-scale greywater feasibility assessments and design guidelines. 101 

 102 

Previous studies have examined greywater reuse impacts on municipal sewer systems, 103 

demonstrating that reuse reduces wastewater flow and velocity. Penn et al. developed a 104 

multi-objective optimization model for municipal sewers that constrained momentary 105 
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wastewater velocity to maintain solids movement, finding that lower velocities from 106 

greywater reuse increase sedimentation (Penn, Friedler, et al., 2013).  Their companion 107 

modeling study (Penn, Schütze, et al., 2013) quantified that greywater reuse decreases 108 

sewer flow, velocity, and proportional depth mainly during peak times, while their follow-109 

up study showed that velocity reduction impairs gross solids transport in sewers (Penn et 110 

al., 2014).  Chowdhury and Rajput found that 100% greywater capture and reuse reduces 111 

design flow in downstream sewers, though their hydraulic modeling focused on 112 

distribution network impacts rather than drainage constraints (Chowdhury & Rajput, 113 

2016).  114 

 115 

Critically, these analyses focus on district-scale municipal sewers rather than building-116 

scale premise plumbing and treat drainage velocity reduction as a consequence to be 117 

managed rather than a constraint on feasible reuse rates. No studies have systematically 118 

quantified how drainage velocity requirements limit maximum achievable greywater reuse 119 

at the building scale or integrated these constraints into multi-objective optimization 120 

frameworks coupling potable supply and drainage systems. Furthermore, the counter-121 

intuitive effects of drainpipe sizing on feasible reuse rates, where smaller pipes may 122 

enable higher reuse in certain configurations due to velocity-flow-diameter relationships, 123 

have never been quantified or translated into practical design guidelines for practitioners. 124 

 125 

This study addresses these gaps through three objectives: (1) develop an integrated 126 

simulation framework coupling potable water supply (WNTR) and drainage hydraulics 127 

(PySWMM) under multi-objective optimization (NSGA-II); (2) quantify maximum feasible 128 
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greywater reuse rates under drainage velocity constraints for 72 building configurations 129 

varying in height (3-20 floors), demand intensity (0.3-0.6 L/s per floor), and drain diameter 130 

(100-200 mm); and (3) derive parametric design guidelines enabling practitioners to 131 

assess feasibility early in planning and navigate trade-offs between water reuse and 132 

drainage performance. The framework simultaneously optimizes pump scheduling for 133 

energy efficiency and greywater reuse for water conservation, while enforcing minimum 134 

pressure (≥ 140 kPa) and minimum drainage velocity (≥ 0.6 m/s) constraints.  135 

 136 

The study's scope and limitations include focusing exclusively on cold water systems and 137 

employing a steady-state hydraulic analysis on single building configurations. Hot water 138 

system optimization is designated as future work; domestic hot water heating represents 139 

approximately 15-18% of total residential energy consumption, and dominates water-140 

related energy use in buildings since pumping energy (0.2-0.5 kWh/m³) is an order of 141 

magnitude lower than heating energy (~30-50 kWh/m³ for a 50°C temperature rise) 142 

(Alfredo et al., 2025; EIA, 2018; Lee et al., 2023).  Similarly, hydraulic transients/water 143 

hammer, an important phenomenon in premise plumbing systems (Lee et al., 2012), and 144 

district-scale interactions are beyond the current scope. The analysis employs a 5-story 145 

urban residential building as the base case, with parametric extensions to diverse 146 

configurations representative of typical urban residential stock. 147 

 148 

The contribution is threefold. First, this study presents the first integrated framework 149 

coupling potable supply and drainage systems at the building scale under “One Water” 150 

framework, enabling holistic assessment of greywater reuse feasibility constrained by 151 
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both supply-side energy optimization and drainage-side velocity requirements. Second, 152 

parametric analysis reveals counter-intuitive relationships between drain sizing and reuse 153 

potential, specifically, that smaller drainage pipes enable higher greywater reuse rates in 154 

mid-rise buildings by maintaining adequate velocity at reduced flows, challenging 155 

conventional design assumptions that favor oversizing for safety margins. Third, the 156 

resulting design guidelines spanning 72 configurations provide practitioners with 157 

evidence-based tools for early feasibility assessment, eliminating the current reliance on 158 

trial-and-error or simple water balance calculations that ignore drainage hydraulics. These 159 

contributions advance both the scientific understanding of coupled building water systems 160 

and the practical implementation of sustainable water reuse in the built environment. 161 

Methodology 162 

Base Case Configuration.   A 5-story urban residential building serves as the base case 163 

(Figure 1).  Key parameters include: 15 m total height (3 m per floor), 0.4 L/s base demand 164 

per floor with peak factor of 1.6, VFD booster pump supplied by city main at 30 m pressure 165 

head, and 150 mm main drain with 2% slope (Table 1). The system collects greywater 166 

from sinks, showers, and laundry (65% of total water demand) for reuse in toilet flushing 167 

(25% of demand), with the remaining 10% reserved for potable-only uses (e.g., drinking, 168 

cooking). Of total water supply, 85% enters the drainage system as wastewater; the 169 

remaining 15% accounts for consumptive uses and evaporative losses. The demand 170 

pattern exhibits characteristic residential peaks in the morning (6-9 AM) and evening (5-171 

8 PM) periods. 172 
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 173 

Figure 1. Schematic of the integrated building water system showing potable water supply (blue), 174 
greywater collection and reuse (purple/green), and drainage (brown). The 5-story residential 175 
building includes a VFD booster pump for potable supply, on-site greywater treatment (filtration 176 
and UV disinfection) with storage tank, and a combined drainage system. Greywater is collected 177 
from sinks, showers, and laundry (65% of total demand) and reused for toilet flushing (25% of 178 
demand). Main drain diameter is 150 mm with 2% slope. 179 

 180 

Table 1. Key Building System Parameters (5-story base case) 181 

Parameter Value Unit 

Building Configuration   

Floors / Height 5 / 15 floors / m 
Base demand per floor 0.4 L/s 
Peak demand factor 1.6 - 

Potable Supply   

City main pressure 30 m 
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Booster pump (VFD) 0-5 L/s, 18-45 m - 
Riser / Branch diameter 75 / 65 mm 

Greywater System   

Collection sources Sinks, showers, laundry - 
Greywater fraction 65 % 
Reuse target (toilets) 25 % 
Treatment energy 0.3 kWh/m³ 
Distribution pump energy 0.2 kWh/m³ 

Drainage   

Main drain diameter 150 mm 
Pipe slope 2 % 
Manning's n 0.013 - 
Wastewater fraction 85 % 

Constraints   

Minimum pressure (top floor) 140 kPa 
Minimum drainage velocity 0.6 m/s 

 182 

Integrated Simulation Framework.  The optimization framework couples three 183 

computational engines (Figure 2): WNTR for potable water hydraulics (EPANET solver), 184 

PySWMM for drainage simulation (SWMM solver), and Pymoo for NSGA-II, multi-185 

objective optimization.  186 
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 187 

Figure 2. Integrated simulation framework architecture showing the coupling between NSGA-II 188 
multi-objective optimizer (pymoo), potable water hydraulic simulator (WNTR/EPANET), greywater 189 
energy calculations, and drainage hydraulic simulator (PySWMM/SWMM). Decision variables 190 
(pump speed schedule and greywater reuse fraction) are evaluated through the simulation layer, 191 
which calculates pump energy, treatment energy, pressures, and drainage velocities. Outputs are 192 
aggregated to compute objectives (total energy, water savings) and constraints (minimum 193 
pressure, minimum velocity) returned to the optimizer for fitness evaluation. The framework 194 
enables simultaneous optimization of potable supply and drainage performance under “One 195 
Water” framework in building water systems.  196 

 197 

For each candidate solution, WNTR calculates pump energy and nodal pressures over 198 

24 hours using 15-minute timesteps. The greywater module computes treatment energy 199 
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(0.3 kWh/m³) and distribution pump energy (0.2 kWh/m³)1 based on collected volume and 200 

reuse fraction. PySWMM calculates drainage velocities using Manning's equation for 201 

partially filled pipes with reduced wastewater flow after greywater collection. The 202 

framework evaluates two objectives (minimize total energy, maximize water savings) and 203 

two constraints (minimum pressure ≥ 140 kPa, minimum velocity ≥ 0.6 m/s).  204 

 205 

Multi-Objective Optimization.  NSGA-II optimizes 25 decision variables: 24 hourly pump 206 

speed values (50-100% of rated capacity) and the greywater reuse fraction (0-80%). The 207 

reuse fraction represents the proportion of available greywater (65% of demand) 208 

collected, treated, and reused for toilet flushing. The dual objectives minimize total system 209 

energy (pumping + treatment + distribution) and maximize water savings. Constraints 210 

ensure minimum top-floor pressure of 140 kPa (plumbing code) and minimum drainage 211 

velocity of 0.6 m/s (self-cleansing requirement). The optimizer explores the full range of 212 

reuse fractions; the velocity constraint determines the maximum feasible value by 213 

penalizing solutions where reduced drainage flow falls below the self-cleansing threshold. 214 

NSGA-II with population size 50 runs for 60 generations using Simulated Binary 215 

Crossover (probability 0.9, ηc = 15) and Polynomial Mutation (ηm = 20) as genetic 216 

operators (Deb et al., 2002). 217 

 218 

 
1 Treatment energy represents filtration and UV disinfection (literature range: 0.2-0.8 kWh/m³ for non-
membrane systems; Bakheet et al., 2020; Friedler & Hadari, 2006). Distribution energy accounts for 
pumping treated greywater to toilet risers (literature range: 0.05-0.32 kWh/m³ for building distribution; De 
Souza et al., 2021). 
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Water Balance Calculations.  Daily water demand was calculated from WNTR 219 

simulation results aggregated over the 24-hour period, incorporating the hourly demand 220 

pattern.  Greywater collection volume was computed as daily demand × greywater 221 

fraction (0.65) × reuse fraction, representing the portion of sink, shower, and laundry 222 

wastewater diverted for treatment. Water savings were calculated as the ratio of reused 223 

greywater volume to baseline daily demand, expressed as a percentage. Energy for 224 

greywater treatment (0.3 kWh/m³) and distribution pumping (0.2 kWh/m³) was computed 225 

based on the collected volume and added to potable pump energy for total system energy. 226 

 227 

Parametric Study Design.  The parametric study extends across 72 configurations 228 

(Table 2): 6 floor heights (3, 5, 7, 10, 15, 20), 4 demand intensities (0.3, 0.4, 0.5, 0.6 L/s 229 

per floor), and 3 drain diameters (100, 150, 200 mm). This design spans building heights 230 

from 9-60 m and total demands from 0.9-12 L/s, covering low-rise to high-rise residential 231 

buildings at varying occupancy densities.  All other parameters remain constant per the 232 

base case.  Output metrics include maximum feasible reuse rate (limited by velocity 233 

constraint), total water savings, and final drainage velocity. 234 

 235 

The parametric analysis focuses on drainage velocity constraints, which determines 236 

maximum feasible reuse rates independent of potable supply system design. For each 237 

configuration, baseline drainage velocity was calculated using Manning's equation for 238 

partially-filled pipes, and maximum feasible reuse was determined through binary search 239 

to find the highest reuse fraction maintaining velocity ≥ 0.6 m/s. Pump sizing and energy 240 
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optimization, demonstrated for the base case, would be performed subsequently for 241 

configurations identified as hydraulically feasible; the parametric results thus represent 242 

an upper bound on reuse potential before supply-side constraints are considered. 243 

Table 2. Parametric study parameter ranges 244 

Parameter Values Rationale 

Floors 3, 5, 7, 10, 15, 20 Low-rise to high-rise residential 
Demand per floor (L/s) 0.3, 0.4, 0.5, 0.6 Low to high occupancy density 
Main drain diameter (mm) 100, 150, 200 Standard commercial pipe sizes 
Total configurations 72 6 × 4 × 3 combinations 
Notes: Building heights: 9-60 m; Total demands: 0.9-12 L/s (peak: 1.4-19.2 L/s); All other 
parameters held constant per Table 1. Parametric analysis evaluates drainage constraints 
only; pump energy optimization applies to the 5-story base case (Table 3). 

 245 

Results and Discussion 246 

Baseline System Performance.  The baseline system consumed 21.5 kWh/day for 247 

pumping while maintaining top-floor pressure at 474.9 kPa (exceeding the 140 kPa 248 

requirement) and drainage velocity at 0.62 m/s (marginally above the 0.6 m/s threshold). 249 

The constant 100% pump speed operation indicates significant oversizing (Table 3). 250 

Table 3. Optimization results comparison (baseline vs optimized) 251 

System Performance: Baseline vs Optimized 

Metric Baseline 
Pump 
Optimized 

With Greywater 
(Balanced) 

Unit 

Energy     

Pump energy 21.5 3.5 3.4 kWh/day 
Greywater treatment 0 0 1.5 kWh/day 
Greywater distribution 0 0 1.0 kWh/day 
Total energy 21.5 3.5 6 kWh/day 
Energy change - -83.70% -72.10% % 
Pressure     

Minimum at Floor 5 474.9 155.1 158.3 kPa 
Constraint (≥140 kPa) Meet constraint Meet constraint Meet constraint - 
Water     

Potable demand 100 100 98.6 % 
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Greywater reuse 0 0 5.6 % 
Water savings 0 0 2.9 % 
Drainage     

Minimum velocity 0.62 0.62 0.61 m/s 
Constraint (≥0.6 m/s) Meet constraint Meet constraint Meet constraint - 
   

  
  

Pareto Front Key Solutions 

Solution 
Total Energy  
(kWh/day) 

Water 
Savings (%) 

Greywater Reuse 
(%) 

Min 
Velocity 
(m/s) 

Baseline 21.5 0 0 0.62 
Min Energy 3.5 0 0 0.62 
Max Savings 8.5 5.7 11.3 0.6 
Balanced 6 2.9 5.6 0.61 

  
 
 

  

Constraint Analysis 

Constraint Threshold Baseline 
At Max Reuse 
(11.3%) 

Status 

Pressure ≥ 140 kPa 474.9 kPa 156.8 kPa Satisfied 
Velocity ≥ 0.6 m/s 0.62 m/s 0.60 m/s Binding 
Notes: Building configuration: 5 floors, 0.4 L/s per floor, 150 mm main drain 
 

 252 

Pump Scheduling Optimization.  Pump scheduling optimization alone achieved 83.7% 253 

energy reduction, decreasing consumption from 21.5 to 3.5 kWh/day while maintaining 254 

minimum pressure at 155.1 kPa (Figure 3, Table 3). The optimal schedule varies pump 255 

speed from 50% during nighttime low-demand periods to 98% during evening peaks 256 

(Figure 4). This demand-responsive operation tracks the residential water use pattern 257 

with morning (6-9 AM) and evening (5-8 PM) peaks. The pump schedule remains largely 258 

independent of greywater reuse fraction, indicating that energy savings derive primarily 259 

from eliminating oversizing rather than from greywater implementation.  260 
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 261 

Figure 3. Pareto front showing the trade-off between total energy consumption and water savings 262 
for the 5-story residential building with 150 mm main drain. The baseline system (21.5 kWh/day, 263 
0% savings) operates with constant pump speed and no greywater reuse. The minimum energy 264 
solution (3.5 kWh/day) achieves 83.7% energy reduction through pump scheduling optimization 265 
alone without greywater reuse. The maximum savings solution (8.5 kWh/day, 5.7% water savings) 266 
is limited by the drainage velocity constraint (≥ 0.6 m/s) at 11.3% greywater reuse. The balanced 267 
solution (6.0 kWh/day, 2.9% savings) represents a compromise between energy efficiency and 268 
water conservation.  269 
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 270 

Figure 4. Comparison of optimal pump speed schedules for the 5-story residential building. The 271 
baseline operates at constant 100% speed throughout the day. The optimized schedules vary 272 
pump speed between 50-100% to match the residential demand pattern (gray shading), reducing 273 
speed during low-demand periods (nighttime) and increasing during morning (6-9 AM) and 274 
evening (5-8 PM) peaks. The minimum energy schedule (0% reuse) and balanced schedule 275 
(5.6% reuse) show similar patterns, indicating that pump scheduling optimization is generally 276 
independent of greywater reuse fraction. All optimized schedules maintain minimum pressure 277 
above 140 kPa at the top floor throughout the 24-hour period. 278 

 279 

Greywater Reuse Optimization.  The Pareto front reveals competing objectives 280 

between energy consumption and water savings (Figure 3).  Three key solutions emerged: 281 

(1) minimum energy (3.5 kWh/day, 0% water savings) represents optimized pumping 282 

without greywater; (2) maximum savings (8.5 kWh/day, 5.7% water savings) achieves 283 

11.3% greywater reuse; and (3) balanced solution (6.0 kWh/day, 2.9% water savings) 284 

provides moderate performance on both objectives. 285 

 286 
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The drainage velocity constraint becomes binding at 11.3% greywater reuse, limiting 287 

maximum water savings to 5.7%.  At this threshold, drainage velocity drops to exactly 0.6 288 

m/s, which is the minimum required for self-cleansing. Further reuse would violate this 289 

constraint and risk sediment deposition.  Greywater treatment and distribution require an 290 

additional 2.5 kWh/day (1.5 + 1.0 kWh/day), resulting in higher total energy than pump 291 

optimization alone.   292 

 293 

Annual projections indicate energy consumption of 2,190 kWh/yr for the balanced 294 

greywater scenario, with energy savings of 5,658 kWh/yr and CO2 reduction of 2,263 295 

kg/yr compared to baseline (Table 4).  Water savings reach 1,058 L/yr.  Key findings are 296 

summarized in Table 4, showing that the binding constraint is drainage velocity rather 297 

than pressure, limiting maximum feasible greywater reuse to 11.3%. 298 

Table 4. Annual projections and key findings 299 

Annual Projections 

Metric Baseline 
Pump 

Optimized 
With Greywater Unit 

Annual energy 7,848 1,278 2,190 kWh/yr 
Energy savings - 6,570 5,658 kWh/yr 
CO₂ reduction* - 2,628 2,263 kg/yr 
Water savings - 0 1,058 L/yr 
*Assuming 0.4 kg CO2/kWh grid electricity 
  

Key Findings 
Finding Value Implication 
Max energy reduction (pump only) 83.70% Baseline pump oversized 
Max feasible greywater reuse 11.30% Limited by velocity constraint 
Max water savings 5.70% Modest due to drainage limitation 
Binding constraint Velocity Drainage limits reuse, not pressure 

 300 
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Parametric study results 301 

The parametric analysis across 72 building configurations (varying floors, demand, and 302 

drain diameter) reveals systematic relationships between building characteristics and 303 

greywater feasibility (Figure 5, Table 5). 304 

 305 

Figure 5. Parametric study results for greywater reuse feasibility across 72 building 306 
configurations. (a) Maximum feasible reuse versus building height for three drain 307 
diameters at 0.4 L/s demand per floor, showing that smaller pipes allow greater reuse in 308 
mid-rise (7-15 floors) buildings. (b) Maximum feasible reuse versus demand intensity for 309 
150 mm drain, showing that higher demand enables greater reuse by maintaining 310 
drainage velocity. (c) Baseline drainage velocity (without reuse) versus building height, 311 
with shaded region indicating velocities below the 0.6 m/s self-cleansing threshold. (d) 312 
Achievable water savings versus building height for 150 mm drain, colored by demand 313 
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intensity. Results demonstrate that building height, demand, and drain sizing interact to 314 
determine greywater reuse feasibility.  315 

 316 

Counter-intuitive pipe sizing effect. The most significant finding is that drainage 317 

velocity constraints severely limit greywater reuse feasibility, particularly in low-rise 318 

buildings. For 3-5 story buildings at 0.4 L/s per floor, no drain configuration permits 319 

feasible reuse, where baseline velocities fall below the 0.6 m/s threshold before any 320 

greywater collection begins. At 10 floors, the 100 mm drain permits 47% reuse while 150 321 

mm and 200 mm drains still cannot support any reuse due to insufficient velocity (Figure 322 

5a). This demonstrates the pipe sizing paradox: smaller pipes maintain the required self-323 

cleansing velocity at lower absolute flow rates, but total building flow must first exceed a 324 

minimum threshold. The conventional practice of oversizing drainage pipes prevents 325 

greywater reuse in most building configurations. Velocity in a partially full pipe equals flow 326 

rate divided by cross-sectional area.  Reducing pipe diameter decreases the flow area, 327 

thereby maintaining adequate velocity despite reduced flow after greywater collection. 328 

This challenges the conventional practice of oversizing drainage pipes and demonstrates 329 

that drain sizing should be based on post-reuse flow rates, not pre-reuse peak flows 330 

(Table 5(a)). 331 

 332 

Building height effect. Taller buildings support greater greywater reuse because total 333 

flow increases with height (Figure 5a). However, the relationship is highly dependent on 334 

drain diameter: only 100 mm drains reach meaningful reuse (47-80%) at 10-20 floors, 335 

while 150 mm drains first become viable only at 20 floors (34% reuse), and 200 mm drains 336 

never achieve feasible reuse up to 20 floors. This dramatically narrows the practical 337 
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application of greywater systems compared to previous estimates that ignored drainage 338 

constraints.  339 

 340 

Demand intensity effect. Higher water demand per floor can enable greater reuse by 341 

increasing drainage velocity; however, for typical residential demand (0.4 L/s per floor), 342 

5-story buildings with 150 mm drains cannot achieve any feasible reuse regardless of 343 

demand intensity. Meaningful reuse requires taller buildings (15-20+ floors for 150 mm 344 

drains) (Figure 5(b)).   345 

 346 

Baseline velocity as predictor. Buildings with baseline drainage velocity near the 0.6 347 

m/s threshold have limited greywater reuse potential (Figure 5c). The 100 mm drain 348 

maintains higher baseline velocity (0.66-1.06 m/s) than 200 mm (0.60-1.05 m/s) at 349 

equivalent flows, creating more headroom for reuse in mid-sized buildings. This 350 

relationship inverts the typical assumption that larger pipes provide better performance. 351 

 352 

Achievable water savings. Water savings are proportional to feasible reuse rate. 353 

However, achievable savings are severely constrained by drainage velocity requirements. 354 

At 0.5 L/s per floor with 150 mm drains: 3-7 floor buildings achieve 0% savings, 10 floors 355 

achieve <1%, 15 floors achieve 17%, and 20 floors achieve 38% (Figure 5d).  Buildings 356 

with 200 mm drains cannot achieve any water savings through greywater reuse up to 20 357 

floors (Figure 5c, Table 5(b)). These results are substantially more restrictive than 358 
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previous studies that assumed hydraulic feasibility without numerical verification (Table 359 

5(c)). 360 

Table 5. Greywater Reuse Feasibility by Building Configuration 361 

(a) PIPE SIZING PARADOX 362 

Key Finding Smaller drains enable more reuse, but only in mid-rise and taller buildings 
(7+ floors)  

Physical 
Reason 

Smaller pipes maintain self-cleansing velocity (≥0.6 m/s) at lower flows; 
however, low-rise buildings have insufficient total flow to reach threshold 
velocity  

Design 
Implication 

Size drains for post-reuse flow, not pre-reuse peak; verify that baseline 
velocity exceeds 0.6 m/s before planning greywater reuse.   

Example (0.4 
L/s/floor) 

At 10 floors: 100 mm = 47% reuse; 150 mm = 0% reuse;  
200 mm = 0% reuse  

 363 

(b) MAXIMUM FEASIBLE REUSE (%) AT 0.4 L/S PER FLOOR 364 

Floors 100 mm 150 mm 200 mm 
3 0 0 0 
5 0 0 0 
7 1 0 0 
10 47 0 0 
15 80 0 0 
20 80 34 0 

 365 

(c) MINIMUM BUILDING SIZE FOR VIABLE GREYWATER REUSE 366 
    

Main Drain Min Floors Max Reuse Notes 

100 mm 7 1% 
First viable level; meaningful 
reuse (47%) at 10+ floors 

150 mm 20 34% Not feasible below 20 floors 

200 mm Not viable 0% 
Baseline velocity never 
reaches threshold 

Notes: Values based on 0.4 L/s per floor, 2% slope, Manning's n = 0.013;  367 
 368 

Challenge to conventional practice. These results fundamentally challenge current 369 

drainage design practice, which typically oversize pipes for safety margins. The finding 370 

that 200 mm drains preclude greywater reuse in buildings up to 20 floors reveals an 371 

unrecognized trade-off: conventional designs that "play it safe" with larger pipes 372 

inadvertently eliminate future greywater implementation by reducing baseline velocity 373 
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below the self-cleansing threshold. This has significant implications for building codes, 374 

which often mandate minimum drain sizes based on peak flow capacity without 375 

considering the velocity impacts of water conservation measures.  376 

 377 

Design guidelines. The parametric results yield practical guidelines for practitioners 378 

(Table 6). The critical first step is verifying that baseline drainage velocity exceeds 0.6 379 

m/s.  Without this step, greywater reuse is infeasible regardless of other design choices. 380 

Buildings with 3-5 floors cannot achieve feasible reuse with standard pipe sizing due to 381 

insufficient baseline velocity. Meaningful water savings (>30%) require 10+ floors with 382 

100 mm drains or 20+ floors with 150 mm drains. Counter-intuitively, smaller drainage 383 

pipes enable greater reuse potential by maintaining velocity at reduced post-reuse flows; 384 

consequently, drain sizing should be based on anticipated post-reuse flows rather than 385 

pre-reuse peak demands. 386 

 387 

For new construction targeting greywater reuse, the recommended design sequence is: 388 

(1) verify velocity feasibility, (2) define reuse targets, (3) size drains for post-reuse flows, 389 

then (4) design the potable supply system, which reverses the conventional approach. 390 

Retrofit projects with existing 150-200 mm drains are unlikely candidates unless the 391 

building exceeds 20 floors; building owners should begin feasibility assessments with 392 

drainage velocity analysis rather than water balance calculations, as a simple baseline 393 

velocity check can immediately indicate hydraulic viability. 394 

 395 
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Comparison to previous findings. These building-scale results align with Penn et al.'s 396 

(2013, 2014) municipal sewer studies showing that greywater reuse reduces downstream 397 

velocity and increases sedimentation risk. However, the present analysis reveals that 398 

velocity constraints are far more restrictive at the building scale, where total flows are 399 

lower and the margin above self-cleansing thresholds is minimal.  While Penn et al. 400 

treated velocity reduction as a consequence to be managed through operational 401 

adjustments, this study reveals it as a binding constraint that determines maximum 402 

feasible reuse.  This distinction fundamentally changes how practitioners should 403 

approach building-scale greywater system design. 404 

 405 
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 406 

Table 6. Design Guidelines for Practitioners 407 

 408 

Category Guideline 

FEASIBILITY BY BUILDING CONFIGURATION 

3-5 floors, any drain Not Viable: baseline velocity below threshold (0% savings) 

7 floors, 100 mm Marginally viable; verify baseline velocity (<1% savings) 

10+ floors, 100 mm Viable: meaningful reuse achievable (31-52% savings) 

15-20 floors, 150 mm Limited: only viable at 20 floors (0-22% savings) 

Any height, 200 mm Not Viable: consider smaller drain or higher demand (0% savings) 

Retrofit, oversized drain Unlikely feasible unless 20+ floors (likely 0% savings) 

DESIGN RULES 

Critical first check Verify baseline velocity > 0.6 m/s before planning greywater system 

Minimum viable building 7+ floors with 100 mm drain; 20+ floors with 150 mm drain 

Drain sizing principle Size for post-reuse flow, not pre-reuse peak 

Velocity safety margin Target > 0.7 m/s baseline for design flexibility 

Economic threshold Generally viable for 10+ floor buildings with 100 mm drains 

New construction sequence (1) Check velocity; (2) Define reuse target; (3) Size drains; (4) Design potable system 
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Study Limitations and Future Work 409 

The study scope includes important limitations. First, analysis focused on cold water 410 

systems, while hot water heating represents approximately 15-18% of total residential 411 

energy consumption and dominates water-related energy use because heating energy 412 

(~30-50 kWh/m³) exceeds pumping energy (0.2-0.5 kWh/m³) by an order of magnitude 413 

(EIA, 2018). Second, steady-state hydraulic analysis was employed, while hydraulic 414 

transients are common in premise plumbing (Lee et al., 2012).  Third, single-building 415 

configurations with simplified geometry do not capture district-scale interactions or 416 

complex building layouts. Fourth, the 80% upper bound on greywater reuse may be 417 

conservative; higher rates may be feasible in taller buildings where the velocity constraint 418 

is not binding.  Fifth, results depend on assumed values for Manning's roughness (0.013), 419 

pipe slope (2%), and the 0.6 m/s velocity threshold; sensitivity to these parameters 420 

warrants future investigation.  Sixth, the analysis used minimum drainage velocity as the 421 

constraint criterion; in practice, self-cleansing may be achieved if peak velocity 422 

periodically exceeds 0.6 m/s during daily high-flow periods, which would expand the 423 

feasible design space. The self-cleansing velocity threshold (0.6 m/s) represents a 424 

commonly cited value, but actual thresholds may vary with wastewater characteristics 425 

and local code requirements; results should be interpreted with appropriate margins for 426 

site-specific conditions. 427 

 428 

Despite these limitations, the work establishes the foundation for "One Water" concepts 429 

in building water systems. Future work should address: (1) hot water system integration 430 

with thermal-hydraulic coupling and Legionella risk assessment; (2) transient hydraulic 431 

analysis under time-varying demands; (3) district-scale optimization with multiple 432 
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buildings; (4) sensitivity analysis across Manning's n (0.01-0.02), slope (1-3%), and 433 

demand variability; (5) alternative velocity criteria based on peak rather than conservative/ 434 

minimum flow conditions; (6) real building validation with monitored data; and (7) digital 435 

twin development with real-time control. These extensions will advance the vision of 436 

intelligent, autonomous building water systems. 437 

Conclusion 438 

This study addresses a critical gap in greywater reuse assessment: the impact of 439 

drainage self-cleansing velocity requirements on reuse feasibility. Through an integrated 440 

simulation framework coupling WNTR, PySWMM, and NSGA-II optimization across 72 441 

building configurations, three key findings emerge.  First, pump scheduling optimization 442 

alone achieves 83.7% energy reduction, indicating significant oversizing in baseline 443 

systems. Second, drainage velocity constraints impose the binding limit on greywater 444 

reuse, and this constraint is far more restrictive than previously recognized.  For most 445 

low-rise buildings (3-5 floors), baseline velocity falls below the 0.6 m/s self-cleansing 446 

threshold, rendering greywater reuse infeasible with standard pipe sizing. Third, smaller 447 

drainage pipes enable greater reuse potential in taller buildings by maintaining adequate 448 

velocity at reduced post-reuse flows.  This is a counter-intuitive finding that challenges 449 

conventional oversizing practices. 450 

 451 

These findings yield two practical recommendations: (1) verify baseline drainage velocity 452 

exceeds 0.6 m/s before planning any greywater implementations, and (2) size drainage 453 

for post-reuse flows rather than pre-reuse peak demands. The parametric results provide 454 
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practitioners with evidence-based guidelines to assess feasibility early in planning, 455 

preventing commitment to hydraulically infeasible reuse targets.  By quantifying drainage-456 

side constraints and demonstrating that they eliminate feasibility for most low-rise 457 

configurations, this work provides a more complete picture for integrated building water 458 

system design under "One Water" principles. 459 
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