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1. The layout of 6-HRUs 

As described in the main text, 6-HRUs could have four possible layouts (1 column × 6 rows, 2 × 

3, 3 × 2, or 6 × 1). To simplify the model as well as to be realistic, we investigated it based on a  

3 × 2 layout, the arrangement closest to a square. In this 6-HRUs model, the total length and total 

width are 628 m and 594 m, respectively (Figure S1).  Although it did not alter the results, we 

calculated the wastewater characteristics by assuming that the wastewater flowed from top to 

bottom first and from left to right subsequently. 

 

Figure S1. The layout of 6-HRUs in a wastewater collection system 
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2. Hourly variation of wastewater flowrate  

We adopted a typical hourly variation of flowrate from Metcalf and Eddy (2014) as a reference 

flow pattern, with a flowrate minimum value of about 0.21 L/s (4700 gallon per day, gpd), a 

maximum value of about 2.17 L/s (49500 gpd), and an average value of about 1.23 L/s (28000 

gpd) (Figure S2). This flowrate pattern was used to calculate the wastewater flowrate for 1-HRU. 

Specifically, the flowrate of 1-HRU is 2.63 L/s, 2.14 times bigger than the average value of the 

reference flow (1.23 L/s). Therefore, we multiplied the simulated hourly flowrates of the 

reference flow by 2.14 to obtain the calculated flowrates for 1-HRU.  

 

Figure S2. Adopted data points and simulated (regression based on a Fourier series function) 

hourly flowrate based on Metcalf and Eddy (2014). 
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3. Hourly variation of wastewater temperature for 1-HRU 

We assumed that wastewater discharged from a single residence had a constant temperature of 

22oC (Metcalf and Eddy, 2014). The typical collection system temperature drop ranges from 0.1 

to 4oC/km (Abdel-Aal et al., 2014); we assumed a constant temperature drop 2oC/km in this 

study. Combined wastewater downstream of the collection system can have an hourly variation 

due to different traveling distances from different residences. Result suggests that the variation of 

water temperature is insignificant (< 0.01oC); however, the highest value can be found around 

08:00 h (Figure S3). 

 

Figure S3. Hourly variation of wastewater temperature for 1-HRU  
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4. Regression analysis of function parameters with HRU sizes for flowrate and temperature 

To simulate hourly variations of flowrate and temperature for all sizes from 1-HRU to 100-HRUs, 

one approach was to interpolate data between known values; however, this approach may not be 

very accurate. Alternatively, we applied a series of regression analyses to achieve better results. 

As a first step, the Fourier series function (Tolstov, 1976) was used to fit hourly variations of 

flowrate and temperature based on the seven sizes. An example is shown in Figure 1 in the main 

text and a five-term Fourier series function (12 parameters) was applied to achieve a R2 higher 

than 0.999 (Equation S1). In Equation S1, a0 is a fixed mean value, a1, …, a5, b1, …, b5 are 

coefficients, and w is Fourier frequency. We obtained seven data points that describe the 

relationship between parameter value and sizes for each of the 12 parameters, and explored their 

correlations for flowrate and temperature using optimal functions (polynomial, exponential, 

logarithm, or/and piecewise), respectively (Figure S4 and Figure S5). These correlations were 

subsequently used to simulate flowrate and temperature values in other sizes. The resulting R2 

values for the first 11 parameters were all greater than 0.999, whereas the regression 

performance for parameter w was slightly lower (0.988) using a single function; therefore, we 

used piecewise functions to simulate three different ranges of size (1-HRU, 2- ~ 20-HRUs, and 

20- ~ 100-HRUs). 

 

𝐹(𝑡) = 𝑎0 + 𝑎1 × cos(𝑤 × 𝑡) + 𝑏1 × sin(𝑤 × 𝑡) + 𝑎2 × cos(𝑤 × 𝑡) + 𝑏2 × sin(𝑤 × 𝑡) +

𝑎3 × cos(𝑤 × 𝑡) + 𝑏3 × sin(𝑤 × 𝑡) + 𝑎4 × cos(𝑤 × 𝑡) + 𝑏4 × sin(𝑤 × 𝑡) + 𝑎5 ×

cos(𝑤 × 𝑡) + 𝑏5 × sin(𝑤 × 𝑡) Equation S1 
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Figure S4. Regression analysis of the correlation between 12 Fourier function parameters with 

size based on the seven simulated data points for flowrate 
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Figure S5. Regression analysis of the correlation between 12 Fourier function parameters with 

size based on the seven simulated data points for temperature 
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5. Hourly variation of electricity price 

Six months of hourly electricity price data in Chicago (PNODE ID: 33092311) (PJM, 2017) was 

used to describe the hourly variation of electricity price. Average value and standard deviation 

(SD) of electricity price at every hour were calculated based on 158 daily data (1/1/2017 – 

6/7/2017); high (average + SD) and low (average – SD) prices were subsequently calculated. In 

general, average price ranges from 17.9 (at 05:00 h) to 31.5 (21:00 h) cent/kWh, and SD ranges 

from 5.5 (01:00 h) to 14.7 (18:00 h) cent/kWh (Figure S6). Low prices are found around 06:00 h 

and high prices are observed near 18:00 h. Overall, low, average, and high prices have mean 

values of 16.1, 26.0, and 35.9 cent/kWh, respectively. 

 

Figure S6. Hourly variation of high (average + SD), average, and low (average – SD) electricity 

prices.  
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6. Simulated wastewater characteristics for all 100 sizes 

All verifications show a very good agreement (R2 > 0.995 and MRE < 2%) for simulating flowrate and temperature (Figure S7).  

 

Figure S7. Verification of simulated hourly variation of (a) flowrate and (b) water temperature for the selected four sizes (8-, 16-, 36-, 

and 80-HRUs). 
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7. Characteristics of practical available thermal energy at different thermal powers 

When the design capacity is set as the minimum practical available thermal power (Cdesign,t,MIN = MIN(Pp,t)), the system operates at 100% 

of design capacity. However, low practical available thermal energy (Ep,t < 60 kWh) is used even for larger community sizes (Figure 

S8). When the design capacity is set as the average practical available thermal power (Cdesign,t,AVG = MEAN(Pp,t)), operating efficiency 

is no longer at 100% but depends on the available thermal energy. Higher energy is available after about 09:00 h at the same size, and 

this pattern is more significant when the design capacity is defined as the maximum practical available thermal power (Cdesign,t,MAX = 

MAX(Pp,t)) where peak energy can be found at about 13:00 h and 22:00 h. 

 

Figure S8. Simulated hourly variation of practical available thermal energy (Ep,t) when the design capacity is defined as the minimum, 

average, or maximum practical available thermal power for different sizes. 
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8. Contour plots for payback time at different design capacities and HRU sizes 

Assuming that the cost-capacity relationship can apply for the all 100 sizes, the relationship 

among the number of HRUs (≤ 100), design capacity, and payback time can be seen in Figure 

S9. The pattern of the contour plots in Figure S9 is similar to Figure 6 in the main text, but there 

are several differences. First, the threshold capacity is about 840 kW; below this threshold the 

payback time is a function of design capacity and the HRU size; above the threshold the payback 

time is only related to the design capacity. Second, the payback time will be reduced to less than 

2 years. For example, the shortest payback time is about 1.9 years for 100-HRUs and about 4200 

kW. 

 

 

Figure S9. Relationship among number of HRUs (≤ 100), design capacity, and corresponding 

payback time for the WWSHP implementation based on variation of average electricity price 

when the design capacity ranges (a) from zero to maximum available power. (b) Details of the 

relationship in part (a) but specifically for the scenarios that the payback time is no more than 

five years. 
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