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Section 1. Implementation of heat transfer equations in the water heater 

 

The flow of water within the water heater was modeled using a multi-node approach from 

Kleinbach et al., 1993 that follows equation 1.1. 

𝑑𝑇𝑖

𝑑𝑡
= 𝛼𝑖

𝑣𝑚𝑎𝑖𝑛(𝑇𝑚𝑎𝑖𝑛−𝑇𝑖)

𝑉𝑖
+ 𝛽𝑖

𝑣𝑟𝑒𝑐(𝑇𝑟𝑒𝑐−𝑇𝑖)

𝑉𝑖
+ 𝛿𝑎,𝑖

(𝑇𝑖−1−𝑇𝑖)

𝑉𝑖
+ 𝛿𝑏,𝑖

(𝑇𝑖−𝑇𝑖+1)

𝑉𝑖
+ 휀𝑄𝑖 − (1 − 휀)𝑈𝐴𝑖  (1.1) 

𝛼𝑖 is equal to one at the location of the mainline and zero elsewhere, 𝛽𝑖 is equal to one at the 

location of the recirculating line and zero elsewhere, 𝛿𝑎,𝑖 is equal to one when a node exists above 

the node of interest, 𝛿𝑏,𝑖 is equal to one when a node exists below the node of interest, 𝑄𝑖 is the 

energy input to the system from the heating elements, 𝑈𝐴𝑖 is the heat lost through the heating 

elements when the heating elements are off. 휀 is a binary term that is one when the heating 

elements are on and zero when the heating elements are off. 𝑣𝑚𝑎𝑖𝑛 is the flow rate of water 

entering the water heater from the main line [L/s], 𝑣𝑟𝑒𝑐 is the flow rate of water entering the 

uppermost node from the recirculating water line [L/s], and 𝑉𝑖 is the volume of node 𝑖 (𝑖=1-12) [L]. 

𝑇𝑚𝑎𝑖𝑛 is the temperature of the municipal water from the main line [ºC], 𝑇𝑟𝑒𝑐 is the temperature of 

the water entering the water heater from the recirculating line [ºC], and 𝑇𝑖 is the temperature of 

each node [ºC]. 

The final term of equation one shown in Kleinbach et al., 1993, that is not shown here is 

𝑈𝐴𝑖(𝑇𝑖 − 𝑇𝑒𝑛𝑣), which accounts for the heat lost to the environment through the walls of the water 

heater. For this model, it is assumed that the walls of the water heater are perfectly insulated and 

no significant heat is transferred. Therefore, the term 𝑈𝐴𝑖(𝑇𝑖 − 𝑇𝑒𝑛𝑣) will go to zero and is not 

considered in this model. Kleinbach et al. also contains a binary γi term, which toggles on and off 

based on the quantity of water entering from the main line and the recirculating pipe. It is assumed 

that γi remains positive throughout this model so there is no reverse in the flow direction. 

To use this equation, it needed to be modified into a form that was suitable for PyTorch. 

The 𝛼𝑖, 𝛽𝑖, 𝛿𝑎,𝑖, and 𝛿𝑏,𝑖  terms are all representative of their associated parameters in the water 

heater, but a variable  휁𝑖, needed to be added to account for the water exiting the heater at the 

hot water line, because that value will not always be equal to the volume of water entering the 

water heater from the recirculating line. 휁𝑖 is equal to one at the location of the hot water line outlet 

and is zero everywhere else. 𝑉𝑛𝑒𝑤,𝑖 accounts for the volume of water in the node at timestep t that 

will remain in that node at t=t+1 and is calculated by equation 1.2. The difference in the volume 

of the node 𝑉𝑖 and 𝑉𝑛𝑒𝑤,𝑖 will be the volume of water that is now in an adjacent node or the hot 

water line. The volume that is no longer in the node of interest will now be replaced by water from 

an adjacent node or the hot water line which is accounted for in equation 1.3.  
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𝑉𝑛𝑒𝑤,𝑖 = 𝑉𝑖 − 𝛼𝑖𝑣𝑚𝑎𝑖𝑛 − 𝛽𝑖𝑣𝑟𝑒𝑐 − 𝛿𝑎,𝑖𝑣𝑚𝑖𝑥−𝛿𝑏,𝑖(𝑣𝑚𝑖𝑥 + 𝑣𝑚𝑎𝑖𝑛) − 휁𝑖𝑣𝑜𝑢𝑡                   (1.2) 

𝑇𝑖(𝑡) =
1

𝑉𝑖
𝛼𝑖𝑣𝑚𝑎𝑖𝑛𝑇𝑚𝑎𝑖𝑛 + 𝛽𝑖𝑣𝑟𝑒𝑐𝑇𝑟𝑒𝑐(𝑡 − 1) + 𝛿𝑎,𝑖𝑣𝑚𝑖𝑥𝑇𝑖+1(𝑡 − 1) + 𝛿𝑏,𝑖(𝑣𝑚𝑖𝑥+𝑣𝑚𝑎𝑖𝑛)𝑇𝑖−1(𝑡 − 1) +

𝑉𝑛𝑒𝑤𝑇𝑖(𝑡 − 1)    (1.3) 

The heat being added or lost through the heating element is considered in equations 1.4 and 

1.5. There are two 5500 W heaters in the 316 L water heater with a 295 L storage rating (2). The 

two heating elements are estimated to be at nodes 3 and 9. The location of these nodes is 

displayed in Figure 2 in the main manuscript. The heat entering or exiting the system can be 

converted from W to [ºC]/s for each node and is done so in equations 1.4 and 1.5.  

𝑄𝑖 = (5500 𝑊)(
1.89 𝐶𝐻𝑈

1 ℎ𝑟

1 𝑊
)(

1 ℎ𝑟

3600 𝑠
) (

1 𝑙𝑏 1℃

1 𝐶𝐻𝑈
) (

1 

57.86 𝑙𝑏
) = 0.05℃/𝑠 𝑖𝑛 𝑛𝑜𝑑𝑒 𝑖  (1.4) 

𝑈𝐴𝑖 = (550 𝑊) (
1.89 𝐶𝐻𝑈

1 ℎ𝑟

1 𝑊
)(

1 ℎ𝑟

3600 𝑠
) (

1 𝑙𝑏 1℃

1 𝐶𝐻𝑈
) (

1 

57.86 𝑙𝑏
) = 0.005℃/𝑠 𝑖𝑛 𝑛𝑜𝑑𝑒 𝑖  (1.5) 

The results are added to the final temperature for nodes 3 and 9, 𝑇𝑖=3,9(𝑡) in equation 1.6. 

𝑇𝑖=3,9(𝑡) = {
𝑇𝑖=3,9 + 𝑄𝑖=3,9 𝑡

𝑇𝑖=3,9 − 𝑈𝐴𝑖=3,9 𝑡
   
𝑖𝑓 𝑜𝑛
𝑖𝑓 𝑜𝑓𝑓

     (1.6) 

One-dimensional mixing was chosen to be sufficient for the objective of evaluating an 

optimal temperature for a heterogeneous system and the multi-node model proposed allows for 

system parameters to be easily changed and evaluated without the use of more computationally 

complex computational fluid dynamics (CFD) approaches. 

The chlorine (𝐶ℎ𝑙𝑖) and planktonic L. pneumophila concentration (𝐿𝑖) throughout the 

system can be calculated synchronously with the temperature by using analogous methods as 

shown in equations 1.7 and 1.8. 𝐶ℎ𝑙𝑖 is the free chlorine concentration in each node 𝑖 [mg/ L], 

and 𝐶ℎ𝑙𝑟𝑒𝑐 is the free chlorine concentration of the water in the recirculating line [mg/ L]. 𝐶ℎ𝑙𝑚𝑎𝑖𝑛 

is the free chlorine concentration in the water entering the system from the main line. 𝐿𝑖 is the L. 

pneumophila concentration in each node 𝑖 [CFU/ L], and 𝐿𝑟𝑒𝑐 is the L. pneumophila concentration 

reentering the water heater from the recirculating line [CFU/ L]. 𝐿𝑚𝑎𝑖𝑛 is the L. pneumophila 

concentration in the water in the main line [CFU/ L].  

𝐶ℎ𝑙𝑖(𝑡) =
1

𝑉𝑖
𝛼𝑖𝑣𝑚𝑎𝑖𝑛𝐶ℎ𝑙𝑚𝑎𝑖𝑛 + 𝛽𝑖𝑣𝑟𝑒𝑐𝐶ℎ𝑙𝑟𝑒𝑐(𝑡 − 1) + 𝛿𝑎,𝑖𝑣𝑚𝑖𝑥𝐶ℎ𝑙𝑖+1(𝑡 − 1) +

𝛿𝑏,𝑖(𝑣𝑚𝑖𝑥+𝑣𝑚𝑎𝑖𝑛)𝐶ℎ𝑙𝑖−1(𝑡 − 1) + 𝑉𝑛𝑒𝑤𝐶ℎ𝑙𝑖(𝑡 − 1)   (1.7) 

𝐿𝑖(𝑡) =
1

𝑉𝑖
𝛼𝑖𝑣𝑚𝑎𝑖𝑛𝐿𝑚𝑎𝑖𝑛 + 𝛽𝑖𝑣𝑟𝑒𝑐𝐿𝑟𝑒𝑐(𝑡 − 1) + 𝛿𝑎,𝑖𝑣𝑚𝑖𝑥𝐿𝑖+1(𝑡 − 1) + 𝛿𝑏,𝑖(𝑣𝑚𝑖𝑥+𝑣𝑚𝑎𝑖𝑛)𝐿𝑖−1(𝑡 − 1) +

𝑉𝑛𝑒𝑤𝐿𝑖(𝑡 − 1)  (1.8) 

The parameters for these variables are defined in Table S1. 
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Table S1. Model parameters for a multi-node model (Case 0 of the scenario analysis) 

 

Parameter Symbol Unit Value Distribution Source 

Water heater set 
point 

𝑆𝑒𝑡𝑝𝑡 °C 48-63 Point (2) 

Pipe lengths (Case 
0: see Table 5 for 
summary of cases) 

𝑙𝑋 m Initial Pipe: 13 
Branching Pipe: 3 
Recirculating Pipe: 13 

Point (3) 

Number of nodes 
in the water heater  

𝑖 - 12 Point (1) 

Volume of node in 
water heater 

𝑉𝑖 L 24.58 Point (2) 

Volume of water 
entering heater 
from recirculating 
line over time 

𝑣𝑟𝑒𝑐  L/ s 0.17 Calculated (3) 

Volume of water 
mixing between 
nodes over time 

𝑣𝑚𝑖𝑥  L/ s 0.3 Point 
 

(1) 

Temperature of 
water in municipal 
water line 

𝑇𝑚𝑎𝑖𝑛 °C Winter: 
Minimum: 16.5 
Maximum: 21.5 
Summer: 
Minimum: 17 
Maximum: 24 

Concatenated 
Uniform 

(4,5) 

Energy input by 
heating element 

𝑄𝑖 °C/ s 0.05 Point (6) 

Energy lost by 
heating element 

𝑈𝐴𝑖 °C/ s 0.005 Point (6) 

Temperature 
surrounding pipes 

𝑇𝑒𝑛𝑣 °C Minimum: 20 
Maximum: 27 
  

Uniform (7,8) 

Free chlorine 
concentration in 
the water entering 
the system from 
the mainline 

𝐶ℎ𝑙𝑚𝑎𝑖𝑛 mg/ L Min: 0.01 
Max: 4.0 

Uniform (9) 

L. pneumophila 
concentration in 
the water in the 
mainline 

𝐿𝑚𝑎𝑖𝑛 CFU/ L Mean:6.60  
Sd: 0.80 
 

Lognormal 
 

(10) 

 

Section 2. Water velocity and Reynolds number in pipes 

 

2.1 Water velocity in pipes 

 

 The velocity of the water in the main line and the recirculating line is typically set by the 

installer of the recirculating line pump. The velocity is calculated to be the minimum value to 

reduce energy consumption based on the user’s constraint of what an acceptable heat loss for 
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the system will be. The velocity in the branching pipe is calculated from the flow rate of the fixture 

at that branch. For this system, a flow rate of 13 L/ min (low efficiency) for a “conventional” 

showerhead is assumed from Bastow Fjord (11,12). Using the known flow rate and the size of the 

branching pipe, the velocity can be calculated with the following equation where 𝐷 is the pipe 

diameter and 𝑙𝑥 is the length of the pipe. The velocity of the water in the hot water and recirculating 

lines were calculated (equation 2.1) to be 1.5 m/s based on pipe radius, length, and flow rate. 

This is also the velocity used for the water in the branching pipe when the shower is on, and zero 

if the shower is off. It is assumed that at least two times that flow would be required as the modeled 

water heater is large and would likely be serving multiple taps. 

𝑣 =
𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 

𝜋(
𝐷

2
)
2
𝑙𝑥

      (2.1) 

There will be a multitude of factors that will determine the value of velocity flowing through 

the system. The physical parameters that will influence the velocity include the pipe diameter, 

length, bends, fittings, tap opening, and mixing valve(s). The only parameters considered to 

influence the velocity in this model are the pipe diameter, length, and a single shower fixture. The 

water pressure should also be taken into consideration, as the water pressure can vary greatly, 

and pressure boosters may be installed depending on the water pressure entering the premise 

plumbing from the city line. All these factors will also influence the velocity of water in the 

recirculating line. It should also be acknowledged that with a smaller branching pipe, the velocity 

will be greater than that in the pipe and the recirculating line. This was not addressed in the current 

model.  

For this model, it is assumed that the velocity will be constant at all points in the pipes 

when the water is not stagnant in the branching pipe. In a physical system, the velocity will 

constantly be changing as different taps are opened, and in some systems the recirculating line 

will be off for a period to save energy. The recirculating line is assumed to be running for the 

entirety of the model.  

 The necessary flow rate in m/ s is determined by the tolerable amount of heat lost in the 

system (3.3°C) using the equation described in SI Section 3 solved for velocity resulting in 

equation 2.2. 𝑈 is the overall heat transfer coefficient [W/ m2K], 𝐿 is the length of the recirculating 

pipe [m], 𝑐𝑝 is the specific heat of water, 𝜌 is the density of water, 𝐷 is the diameter of the pipe, 

𝑇0 is the temperature of the water entering the pipe from the water heater, 𝑇𝐹 is 𝑇0 minus the 

tolerable loss of heat in the pipe, and 𝑇𝑒𝑛𝑣 is the temperature of the environment.  

𝜈 =
−4𝑈𝐿

𝑐𝑝𝜌𝐷 𝑙𝑛(
𝑇𝐹−𝑇𝑒𝑛𝑣
𝑇0−𝑇𝑒𝑛𝑣

 )
     (2.2) 

2.2 Reynolds number 

 

Reynolds number (𝑅𝑒) can be calculated by equation 2.3 for the pipe ¾” in diameter (𝐷) 

[m] and the ½” diameter branching pipe that leads to the showerhead. The kinematic viscosity of 

water, 
µ 

𝜌
 [m2/ s], is the viscosity (µ) over the density of water (𝜌) (Table S2). This resulted in a 

velocity of 3.04 m/s and a Re in the pipe and branch of 52,349 and 41,444, respectively. These 

values of the Reynolds number are consistent with turbulent flow.   
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𝑅𝑒 =
𝜌𝑣𝐷 

µ
     (2.3) 

The parameters for these variables are defined in Table S2. 

Table S2. Parameters for velocity and Reynolds number 

 

Parameter Symbol Unit Value Distribution Source 

Specific heat of 
water 

cp J / kgK 
 

4186.8 Point (13) 

Density of water 𝜌 kg / m3 996 Point (13) 

Overall heat 
transfer 
coefficients 

𝑈 W / 
m2K 

Uninsulated: 
325.9 
Insulated: 29.80 

Calculated Supplemental 
Information, 
Section 2 

Diameter 𝐷 m Pipe: 0.019 
Shower: 0.012 

Point (3) 

Kinematic viscosity 
of water (50°C) 

µ 

𝜌
 m2/ s 5.53 × 10-7 Point (13) 

 

Section 3. Heat loss in pipes 

 

The water heater in this model is assumed to be perfectly insulated and will experience 

no transfer of heat from the water to the environment, however heat loss is considered in the 

pipes (equation 3.1) 𝑇 [ºC] is the temperature of water in the pipe, 𝑇𝑒𝑛𝑣 [ºC] is the air temperature 

in the air surrounding the pipe, 𝑈 [W/ m2K] is the overall heat transfer coefficient specific to that 

pipe configuration, cp [J/ kg K] is the specific heat of water, 𝜌 [kg/ m3] is the density of water, 𝜈 [m/ 

s] is water velocity, and 𝐷 [m] is the diameter of the pipe. 

𝑑𝑇

𝑑𝑡
= (𝑇(𝑡) − 𝑇𝑒𝑛𝑣) (

−4𝑈

𝑐𝑝𝜌𝜈𝐷
)     (3.1) 

Section 4. Heat transfer coefficients 

 

 To track the heat lost through the pipes, the overall heat transfer coefficient 𝑈 [W/ m2K] 

was calculated for each pipe size and insulation. 

4.1 Convective heat transfer coefficient 

 

The convective heat transfer coefficient, ℎ𝑐𝑜𝑛𝑣 [W/ m2K], is the rate at which energy is 

transferred from the water to the copper pipes. To find ℎ𝑐𝑜𝑛𝑣, an energy balance equation can be 

performed starting with equation 4.1, where �̇�𝑖𝑛 is the amount of energy entering the shared 

water to copper surface from the water by convection (�̈�𝑐𝑜𝑛𝑣 ) and �̇�𝑜𝑢𝑡 is the energy leaving the 

shared water to copper surface and going into the copper pipe by conduction (�̈�𝑐𝑜𝑛𝑑). 

�̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 = 0      (4.1) 

�̈�𝑐𝑜𝑛𝑣 − �̈�𝑐𝑜𝑛𝑑 = 0      (4.2) 
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The equations for convective (�̈�𝑐𝑜𝑛𝑣) and conductive (�̈�𝑐𝑜𝑛𝑑) heat flux [W/ m2] can be 

described by equations 4.3 and 4.4 respectively. 𝑇𝑠 is the temperature at the shared surface, 𝑇𝑓 

is the temperature of the fluid, and 𝑇𝑖 is the temperature of the conductive material. 𝑘 is the thermal 

conductivity of the conductive material [W/ mK], and 𝐿 is the radial length of the conductive 

material [m]. 

�̈�𝑐𝑜𝑛𝑣 = ℎ𝑐𝑜𝑛𝑣(𝑇𝑠 − 𝑇𝑓)     (4.3) 

�̈�𝑐𝑜𝑛𝑑 = 𝑘
(𝑇𝑖−𝑇𝑠)

𝐿
      (4.4) 

Substituting �̈�𝑐𝑜𝑛𝑣 and �̈�𝑐𝑜𝑛𝑑 into equation 4.2 and solving for ℎ𝑐𝑜𝑛𝑣 results in equation 4.5. 

ℎ𝑐𝑜𝑛𝑣 =
𝑘(𝑇𝑖−𝑇𝑠)

𝐿(𝑇𝑠−𝑇𝑓)
      (4.5) 

4.2 Radiative heat transfer coefficient 

 

The radiative heat transfer coefficient from a conductive material (copper or insulation) to 

air (ℎ𝑟𝑎𝑑) [W/ m2K], can be calculated by another energy balance equation with the radiative heat 

flux (�̈�𝑟𝑎𝑑) [W/ m2]. 

�̈�𝑐𝑜𝑛𝑑 − �̈�𝑟𝑎𝑑 = 0      (4.6) 

The equation for radiative heat flux (�̈�𝑟𝑎𝑑) can be described by equation 4.7. 

�̈�𝑟𝑎𝑑 = ℎ𝑟𝑎𝑑(𝑇𝑠 − 𝑇𝑓)      (4.7) 

Equation 4.7 and equation 4.4 can be substituted into equation 4.6 and solved for ℎ𝑟𝑎𝑑  resulting 

in equation 4.8.  

ℎ𝑟𝑎𝑑 =
𝑘(𝑇𝑖−𝑇𝑠)

𝐿(𝑇𝑠−𝑇𝑓)
      (4.8) 

4.3 System specific variables 

 

To calculate the heat lost to the environment from the water in the pipes, the convective 

and radiative heat transfer coefficients were calculated. Figure S1 describes the temperatures 

and radial lengths used to calculate the convective heat transfer between the water and the 

copper ℎ𝑐𝑜𝑛𝑣 (equation 4.5), the radial heat transfer between copper and air for uninsulated pipes 

ℎ𝑟𝑎𝑑,𝑐𝑢 (equation 4.9), and the radial heat transfer between insulation and air ℎ𝑟𝑎𝑑,𝑖𝑛𝑠 (equations 

4.10). 
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Figure S1: Cross-section of insulated pipe (left) and uninsulated pipes (right) with locations of 
temperatures and radial lengths. 

The temperature of the fluid in the pipe was chosen as the mean of the tested temperature 

range (48-63 ºC) at 𝑇1 = 55.50℃. The temperature of the shared water to the copper surface was 

set to be close to the temperature of the fluid in the pipe at 𝑇2 = 55.10℃. The temperature of the 

shared copper to insulation surface was set to be close to the temperature of the shared water to 

the copper surface at 𝑇3 = 55.01℃. The temperature of the outer insulation surface was set to be 

near the temperature of the surrounding room temperature at 𝑇4 = 33.5℃. The temperature of the 

air surrounding the pipe was set to the average room temperature at 𝑇5 = 23.5℃ (7,8). 𝐿1 is the 

radial length of the copper pipe and 𝐿2 is the radial length of the insulation [m]. 𝑘𝑐𝑢 is the thermal 

conductivity of commercial copper and 𝑘𝑖𝑛𝑠 is the thermal conductivity of rubber used for insulation 

[W/ mK].  

ℎ𝑟𝑎𝑑,𝑐𝑢 =
𝑘𝑐𝑢(𝑇2−𝑇3)

𝐿1(𝑇3−𝑇5)
      (4.9) 

ℎ𝑟𝑎𝑑,𝑖𝑛𝑠 =
𝑘𝑖𝑛𝑠(𝑇3−𝑇4)

𝐿2(𝑇4−𝑇5)
      (4.10) 

 

The heat transfer coefficients will vary greatly based on the individual system parameters. For 

this model, the three heat transfer coefficients, ℎ, were found to be within the expected values 

(13) for forced convection (25-250 and 100-20,000 [
𝑊

𝑚2𝐾
]) for gases and liquids, respectively.  

The parameters for these variables are defined in Table S3. 

Table S3 Parameters for heat transfer coefficient calculation 

 

Parameter Symbol Unit Value Distribution Source 

Thermal 
conductivity of 
commercial copper 

𝑘𝑐𝑢 W/ mK 401 Point (13)  

Thermal 
conductivity of 
rubber (for 
insulation) 

𝑘𝑖𝑛𝑠 W/ mK 0.16 Point (13)  
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Radial length of 
copper pipe 

𝐿1 m 0.005 Point (3) 

Radial length of 
insulation 

𝐿2 m 0.013 Point (3) 

Temperature of 
water 

𝑇1 ℃ 55.5 Point (6) 

Temperature at 
shared 
water/copper 
interface 

𝑇2 ℃ 55.1 Point Assumption 
based on 
(13) 

Temperature at 
shared 
copper/insulation or 
copper/air interface 

𝑇3 ℃ 55.01 Point Estimation 

Temperature at 
shared 
insulation/air 
interface 

𝑇4 ℃ 33.5 Point Estimation 

Temperature of air 
surrounding pipes 

𝑇5 ℃ 23.5 Point (7,8) 

Inner radius of 
copper pipe  

𝑟1 m 0.009 Point (3) 

Outer radius of 
copper pipe/ inner 
radius of insulation 

𝑟2 m 0.014 Point (3) 

Outer radius of 
insulation 

𝑟3 m 0.027 Point (3) 

 

4.4 Overall heat transfer coefficient 

 

The overall heat transfer coefficient for heat leaving uninsulated (𝑈𝑢𝑛𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑒𝑑) and 

insulated (𝑈𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑒𝑑) [W/ m2K] pipes are calculated using the convective and radial heat transfer 

coefficients (see Table S3 for radius definitions). The results are displayed in Table S4. 

𝑈𝑢𝑛𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑒𝑑 = (
1

ℎ𝑐𝑜𝑛𝑣
+

𝑟1

𝑘𝑐𝑢
ln (

𝑟2

𝑟1
) + (

𝑟1

𝑟2
)

1

ℎ𝑟𝑎𝑑,𝑐𝑢
)
−1

    (4.11) 

𝑈𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑒𝑑 = (
1

ℎ𝑐𝑜𝑛𝑣
+

𝑟1

𝑘𝑐𝑢
ln (

𝑟2

𝑟1
) +

𝑟1

𝑘𝑖𝑛𝑠
ln (

𝑟3

𝑟2
) + (

𝑟1

𝑟3
)

1

ℎ𝑟𝑎𝑑,𝑖𝑛𝑠
)
−1

  (4.12) 

The parameters for these variables are defined in Table S4. 

Table S4: Calculated values for heat transfer coefficients and overall heat transfer coefficients 

 

Parameter Symbol W/ m2K 

Convective heat transfer between 
water and copper 

ℎ𝑐𝑜𝑛𝑣 20,050 
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Radial heat transfer between 
copper and air for uninsulated 
pipes 

ℎ𝑟𝑎𝑑,𝑐𝑢 254 

Radial heat transfer between 
insulation and air 

ℎ𝑟𝑎𝑑,𝑖𝑛𝑠 27 

Overall heat transfer coefficient 
(uninsulated) 

𝑈𝑢𝑛𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑒𝑑 315 

Overall heat transfer coefficient 
(insulated) 

𝑈𝑖𝑛𝑠𝑢𝑙𝑎𝑡𝑒𝑑 20 

 

Section 5. Chlorine decay 

 

 First-order decay of free chlorine is commonly calculated with a first-order decay rate 

(equation 5.1) (14,15), but it lacks any variability due to system parameters, such as temperature, 

total organic carbon (TOC) or differences between the bulk decay and the wall decay. 

 𝐶 = 𝐶0𝑒
−𝑘𝑡      (5.1) 

 Instead, an Arrhenius equation was determined to be the best chlorine decay model for 

this system because it accounts for the influence of temperature throughout the system and 

parameters had already been estimated (14). The Arrhenius equation that was used is defined in 

equation 5.2. 𝐴 is the pre-exponential factor, 𝐸𝑎 is the activation energy [J/ mol], 𝑅 is the universal 

gas constant [J/ mol K] and 𝑇 is the absolute temperature [K]. This equation can be used to 

describe the decay of chlorine in bulk water (16). 

𝑘𝑏 = 𝐴𝑒
−𝐸𝑎
𝑅𝑇       (5.2) 

Equation 5.2 was modified by AWWARF 1996 (equation 5.3 and Table S5).  The pre-

exponential factor is dependent on the constant 𝑎, the concentration of TOC, and the constant 𝑏, 

which encompasses the activation energy and the universal gas constant. 𝑇 is the temperature 

in Kelvin. This equation allows for the free chlorine decay rate to be estimated at varying 

temperatures and TOC concentrations in the system.  

𝑘𝑏 = 𝑎 ∗ 𝑇𝑂𝐶 ∗ exp (
−𝑏

𝑇
)     (5.3) 

However, the authors caveat this equation is not applicable beyond the range of 5°C to 25°C 

due to their observed experimental range. In the absence of similar data outside this range, the 

kinetic equation was applied for the system temperatures in the current model. The parameters 

for these variables are defined in Table S5. 

Table S5 Parameters for Chlorine Decay 

 

Parameter Symbol Unit Value Distribution Source 

Measured 
Constant a 

𝑎 L/ mg h 1.8 × 106 Point (14) 

Total Organic 
Carbon 

𝑇𝑂𝐶 mg/ L Min: 1 
Max: 3 

Uniform  (14) 
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Measured 
Constant b 

𝑏 K 6,323 Point (14) 

Water 
Temperature 

𝑇 K Measured Point (14) 

 

Section 6. L. pneumophila growth and inactivation due to temperature 

 

L. pneumophila has been observed multiplying in water temperatures from 25°C to 45°C  

(17,18) and is known to become inactivated from 50°C to 70°C (19). No growth or inactivation 

has been quantified in between 45°C and 50°C or below 25°C in these studies.  

 

6.1 Inactivation rates 

 

The inactivation rates for temperatures from 50°C to 70°C were calculated by assuming a 

first-order inactivation of L. pneumophila by equation 6.1.   

𝐶𝑓 = 𝐶𝑖𝑒
−𝑘 𝑡𝑒𝑚𝑝𝑡      (6.1) 

The time for a 4-log reduction of L. pneumophila sg. 1 ATCC 33152 was provided in 

Cervero-Aragó et al., 2015. The time to reduction was found for 50°C (117 minutes), 55°C (10 

minutes), 60°C (2 minutes), 65°C (0.8 minutes), and 70°C (0.9 minutes). The first-order decay 

equation was solved for the inactivation rate (𝑘𝑡𝑒𝑚𝑝) of L. pneumophila at different temperatures 

using the known 4-log reduction log(𝐶𝑓 𝐶𝑖⁄ ), and time 𝑡 (equation 6.2).  

𝑘 𝑡𝑒𝑚𝑝 =
−log(

𝐶𝑓

𝐶𝑖
)

𝑡
      (6.2) 

6.2 Growth rates 

 

Sharaby et al., 2017 and Yee and Wadowsky, 1982 recorded values for L. pneumophila 

growth at 25°C, 30°C, 37°C, and 42°C. No significant growth was seen at 45°C. A first-order 

growth of L. pneumophila was assumed (equations 6.1 and 6.2), with a positive 𝑘 𝑡𝑒𝑚𝑝 rate. 

Calculated first-order growth constants are shown in Table S6. The current model does not 

address the lag phase of growth described by Sharaby, 2017.The growth rates from Sharaby, 

2017 were chosen to be used with the inactivation rates from Cervero-Aragó et al., 2015 for this 

model because it was more recent than Yee and Wadowsky, 1982. The final values 𝑘𝑡𝑒𝑚𝑝 are 

displayed in equation 6.3 [s-1]. The growth limit of planktonic L. pneumophila was set to 104.17 

CFU/ L (18). The parameters for these variables are defined in Table S7. 
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𝑘𝑡𝑒𝑚𝑝 =

{
 
 
 
 
 

 
 
 
 
 −7.41 × 10

−2

−8.33 × 10−2

−3.33 × 10−2

−6.67 × 10−3

−5.70 × 10−5

0
3.14 × 10−5

6.97 × 10−5

3.22 × 10−5

2.55 × 10−5

0

      

𝑖𝑓 𝑇𝑎𝑙𝑙 ≥ 70℃
𝑖𝑓 65℃ ≤ 𝑇𝑎𝑙𝑙 < 70℃
𝑖𝑓 60℃ ≤ 𝑇𝑎𝑙𝑙 < 65℃
𝑖𝑓 55℃ ≤ 𝑇𝑎𝑙𝑙 < 60℃
𝑖𝑓 50℃ ≤ 𝑇𝑎𝑙𝑙 < 55℃
𝑖𝑓 45℃ ≤ 𝑇𝑎𝑙𝑙 < 50℃
𝑖𝑓 42℃ ≤ 𝑇𝑎𝑙𝑙 < 45℃
𝑖𝑓 37℃ ≤ 𝑇𝑎𝑙𝑙 < 42℃
𝑖𝑓 30℃ ≤ 𝑇𝑎𝑙𝑙 < 37℃
𝑖𝑓 20℃ ≤ 𝑇𝑎𝑙𝑙 < 30℃

𝑖𝑓 𝑇𝑎𝑙𝑙 < 20℃

   (6.3) 

 

Table S6: Derived L. pneumophila growth rates 

 

Temperature Growth rate per second 
Yee and Wadowsky, 1982 

Growth rate per second 
Sharaby, 2017 

25°C 2.30 × 10-5 2.55 × 10-5 

32/30°C 3.08 × 10-5 3.22 × 10-5 

37°C 4.73 × 10-5 6.97 × 10-5 

42°C 4.82 × 10-5 3.14 × 10-5 

 

Table S7: Growth and inactivation rates of L. pneumophila 

 

Parameter Symbol Unit Value Distrib
ution 

Source 

Growth/inactivati
on Rates of L. 
pneumophila 
with 
temperature  

ktemp s-1 >70°C:    -7.41 × 10-2 
65-70°C: -8.33 × 10-2 
60-65°C: -3.33 × 10-2 
55-60°C: -6.66 × 10-3 
50-55°C: -5.69 × 10-5 
45-50°C: 0.0 
42-45°C: 4.82 × 10-5 
37-42°C: 4.73 × 10-5 
30-37°C: 3.08 × 10-5 
20-30°C: 2.30 × 10-5 

Point  (17,19) 

Planktonic L. 
pneumophila 
inactivation rate 
due to chlorine 

𝑘𝑝,𝑐ℎ𝑙 s-1 𝐶ℎ𝑙<0.01: 0 

0.01<𝐶ℎ𝑙<0.15:  
1.82 × 10-3 
0.15<𝐶ℎ𝑙<0.35: 
1.92 × 10-3 
0.35<𝐶ℎ𝑙𝑎𝑙𝑙:  
2.31 × 10-2 

Point  (20) 

Planktonic L. 
pneumophila 
growth limit 

 CFU/L 104.17 Point (18) 
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Section 7. Biofilm kinetics in the pipes 

 

The mass of biofilm per unit area (𝑀𝑏 [g/ cm2]) was calculated with equation 7.1 using the 

biofilm density (𝐷𝑏 [g/ cm3]) (21) and the mean volume of biofilm per cm2 of pipe area based on 

the biofilm thickness (𝑉𝑏) [cm3/ cm2] (21).  

𝑀𝑏=𝐷𝑏𝑉𝑏      (7.1) 

These values were chosen from the low turbulent flow simulation from Garny et al., 2009. 

This was selected as the most appropriate scenario for the current model. The data was extracted 

for both the biofilm density and the biofilm thickness using GetData Graph Digitizer® v2.26.0.20 

software. A normal curve truncated at zero was fit to the biofilm density, 𝐷𝑏, for calculations and 

a mean value was found to be 34.5 kg/ m3. The average thickness of the biofilm was 0.01 cm, 

which equates to a mean volume of biofilm per cm2 (𝑉𝑏) of 0.01 cm3. Using these averages, the 

density of biofilm per cm2 of pipe area was modeled as a normal distribution truncated at zero 

with an average value of 3.5×10-4 g/ cm2. The biofilm sloughing rate  𝑆𝑏(𝑡𝑠) was chosen from the 

low turbulent flow simulation from Garny et al., 2009. The data for the biofilm sloughing rate was 

extracted using Digitizer software and modeled as a lognormal distribution with an upper 

truncation limit of 20 gDW/ m2day. The average sloughing rate based on this distribution was 

7.39×10-9 g/ cm2s. 

The quantity of L. pneumophila in the biofilm, 𝐶𝑏, was extracted from Figure 6.12 in (22). 

The mean values for the reactor were 13 CFU/ cm2 for a heated condition and 39 CFU/ cm2 at 

ambient temperature. The quantity of L. pneumophila for the reactor at ambient temperature was 

chosen and modeled as a lognormal distribution and decay rates due to temperature were applied 

appropriately (SI Section 6). The quantity of biofilm being sloughed into the water will decline as 

a first-order function as the shower remains on by the values in equation 7.2 (15). It is assumed 

that there is no sloughing in the branch pipe when the shower is off and the water is stagnant.  

𝑘𝑠 = { 
−1.30
−0.06

   
𝑖𝑓 𝑡𝑠 ≤ 5 𝑚𝑖𝑛
𝑖𝑓 𝑡𝑠 > 5 𝑚𝑖𝑛

    (7.2) 

The quantity of sloughed L. pneumophila is 𝐶𝑠. The  rate of decay of the biofilm sloughing, 
𝑘𝑠, is modeled in equation 7.2 using two decay rates that are dependent on how long the shower 
has been on (ts) (15). The decay rate of sloughing is applied in equation 7.4. Based on data 
presented in Huang et al. (2020), we assume that L. pneumophila that has been sloughed from 
the biofilm will decay due to both chlorine in the system and the water temperature. The 
inactivation rates for L. pneumophila in the biofilm due to chlorine, 𝑘𝑏,𝑐ℎ𝑙, are presented in 

equation 7.3 (15). The final L. pneumophila concentration in the system due to biofilm sloughing 
is calculated using equation 7.4. The amount of biofilm that is sloughed will decay in 
concentration due to 𝑘𝑠, and will experience inactivation due to the chlorine decay rate 𝑘𝑏,𝑐ℎ𝑙 times 

the concentration chlorine residual, 𝐶ℎ𝑙, as well as experiencing growth or inactivation from 

temperature 𝑘𝑡𝑒𝑚𝑝. Biofilm calculation parameters are summarized in Table S8. 

𝑘𝑏,𝑐ℎ𝑙 = { 
−0.46
−0.10

   
𝑖𝑓 𝑡𝑠 ≤ 5 𝑚𝑖𝑛
𝑖𝑓 𝑡𝑠 > 5 𝑚𝑖𝑛

    (7.3) 

𝐶𝑠(𝑡) = 𝐶𝑠,0 𝑒
(𝑘𝑠+𝑘𝑏,𝑐ℎ𝑙𝐶ℎ𝑙+𝑘𝑡𝑒𝑚𝑝)𝑡𝑠    (7.4) 
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Table S8. Biofilm parameters 

 

Parameter Symbol Unit Value Distribution Source 

Biofilm density 𝐷𝑏 kg / m3 Shape: 3.14 
Scale: 38.66 

Weibull*  (21)  

Volume of 
biofilm per m2 

𝑉𝑏 m3 / m2 1×10-4 Point (21) 

Concentration 
of L. 
pneumophila 
in biofilm 

𝐶𝑏 CFU / m2 Min: 3.9×105 

Max: 7.8×109 

Uniform (22,23) 

Duration of 
shower 

𝑡𝑠 s μ: 465 
σ: 72 
 

Normal (24) 

Sloughing rate 
of biofilm 

𝑆𝑏(𝑡𝑠) g / cm2s Mean log: -18.96 
Sd log: 0.709 

Lognormal (21) 

Decay of 
sloughing rate 

𝑘𝑠 min-1 -1.30: ts≤5min 
-0.06: ts > 5min 

Point  (15) 

Decay of 
sloughed L. 
pneumophila 
in biofilm due 
to chlorine 

𝑘𝑏,𝑐ℎ𝑙 (mg/L*min)-

1  

-0.46: ts≤5min 
-0.10: ts > 5min 

Point (15) 

*Modeled as a uniform distribution for Sobol Sensitivity Analysis 

Section 8. Initialization of the system 

 

To initialize the system: 

1. The water heater system was run for 24 hours with no shower and no new water from the 

main line to mimic stagnation events. The temperature, chlorine, and L. pneumophila will 

act according to the equations described in Section 2 (Methods) of the manuscript. After 

24 hours, the initialized temperature throughout the system is recorded and stored for 

later.  

2. The L. pneumophila growth and decay throughout the water heater, hot water line, and 

recirculating line needed to be estimated beyond the growth and decay rates shown in 

Table S7. While the system runs, the water temperature can pass through different 

temperature zones that either inactivate or promote the growth of L. pneumophila. This 

change in water temperature throughout the system will change with pipe length, water 

velocity, or other physical parameters. The volume of water at different temperatures will 

also vary depending on the location in the plumbing system. For example, a smaller 

amount of water will be at a cooler temperature at the end of the recirculating line than the 

water in node 3 or 9 of the water heater which contain sthe heating elements and has a 

larger volume. Therefore, to determine the average inactivation or growth rate of L. 

pneumophila due to temperature for the 24-hour initialization period in the water heater, 

hot water line, and recirculating line, a mass balance equation was performed with the 
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initialized temperature and volume of each section of the system. The initialized 

inactivation or growth rates were recorded for each case and stored for later use. 

3. For each iteration of the Monte Carlo simulation, the initialized temperature and 

inactivation or growth rates were loaded. The temperature of the system was set as the 

previous initialized temperature for each case.  

4. To initialize the free chlorine values for the water heater, hot water line, and recirculating 

line, the free chlorine concentration was calculated using the Arrhenius equation for each 

Monte Carlo iteration (SI Section 5). The time that it took the chlorine to decay to be below 

the limit that it would affect the L. pneumophila was calculated. The L. pneumophila 

concentration after the 24-hour initialization period was then calculated using the 

previously recorded initialized inactivation or growth rates applied over the time that the 

chlorine was below the limit that would affect the L. pneumophila growth. The L. 

pneumophila growth in the branching pipe was calculated as a first-order growth equation 

with the room temperature growth rate applied over 24 hours.  

5. A growth cap was applied over the entire system so the L. pneumophila concentration did 

not exceed 104.17 CFU/ L (18).  

6. The biofilm was calculated for each case as described in Section 2.7 of the main 

manuscript. The initialized inactivation or growth rates for L. pneumophila were applied to 

the biofilm in the hot water line and recirculating line for 24 hours. No chlorine decay was 

applied. The variables used to calculate the biofilm are from sources that conducted 

experiments at room temperature (21–23), therefore, there was no inactivation or growth 

rate applied to the biofilm in the branching pipe that remained at room temperature for the 

24-hour initialization period. 

Section 9. Decay of aerosols and QMRA parameters 

 

The decay of aerosols 𝑑𝑖 [s-1] that have been released into the exposure environment was 

calculated using the aerosol removal rates, 𝑑1−2 [min-1], from Huang et al., 2020 with the 

percentage of aerosol sizes, 𝐹1−10, from Hamilton et al., 2019. It is a weighted average based on 

the difference aerosol removal rates for the two aerosol size bins of consideration: 1-2 

micrometers and 3-10 micrometers. The decay of the aerosols is calculated in equation 8.1 and 

displayed in Table S9. The parameters used for the quantitative microbial risk assessment 

(QMRA) are displayed in Table S10 and described in Section 2.8 of the main manuscript. 

 

𝑑𝑖 = 𝑑1𝐹1−2 + 𝑑2𝐹3−10     (8.1) 

 

Table S9: Calculated aerosol decay values  

 

Parameter Variable Value Unit 

Percent aerosols 
1-2 micrometer 

𝐹1−2 33.89 % 

Percent aerosols 
3-10 micrometer 

𝐹3−10 66.11 % 
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Aerosol Removal 
Rate <=2 
micrometer 

𝑑1 0.35  1/min 

Aerosol Removal 
Rate >2 
micrometer 

𝑑2 1.24 1/min 

Decay of aerosols 𝑑𝑖 0.016 1/s 

 

Table S10 QMRA parameters 

 

Parameter Symbol Unit Value Distribution Source 

Concentration 
of aerosols 

𝐶𝑎𝑒𝑟𝑜 CFU/ m3 1-2: 
μ: 17.5, σ: 0.30 
2-3: 
μ: 17.5, σ: 0.17 
3-6: 
μ: 19.4, σ: 0.35 
6-10: 
μ: 20.0, σ: 0.31 

Lognormal (12,25) 

Volume of 
aerosols 

𝑉𝑎𝑟𝑒𝑜 L/ CFU 1-2: 
Min: 5.25×10-16  

Max: 4.19×10-15 
2-3: 
Min: 4.19×10-15  

Max: 1.41×10-14 
3-6: 
Min: 1.42×10-14  
Max:1.13×10-13 
6-10: 
Min: 1.13×10-13 

Max:5.22×10-13 

Uniform (12,25) 

Fraction of L. 
pneumophila 
that partition to 
each of the 
aerosol 
diameters 

𝐹 % 1-2: 0.34 
2-3: 0.16 
3-6: 0.13 
6-10: 0.17 
 
 

Point (26) 

Alveolar 
deposition 
efficiency 

𝐷 Fraction 1-2: 0.23-0.53 
2-3: 0.36-0.62 
3-6: 0.10-0.62 
6-10: 0.01-0.29 
 
 
 

Uniform (Heyder et 
al., 1986) 

Rate of 
inhalation 

𝐵 m3/ min 0.013-0.017 Uniform (28) 
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Decay of 
aerosols 

𝑑𝑖 s-1 -0.016 Point  (11,15) 

Dose response 
parameter for 
sub-clinical 
infection 

      ks s-1 Mean: -2.93 
Sd: 0.49 

Lognormal (29,30) 

Dose response 
parameter for 
clinical infection 

kc s-1 Mean: -9.69 
Sd: 0.30 

Lognormal (29,30) 

Disability 
adjusted life 
year 

𝐷𝐴𝐿𝑌 years 0.97 Point (31) 

Value of a 
statistical life 

𝑉𝑆𝐿 USD Min:5,324,706 
Max: 17,368,683 

Uniform (32) 

Remaining Life 
expectancy 

Life 
expectancy 

years Mean: 31.88 
Sd: 18.32 
Min: 0 

Truncated 
Normal 

(33) 

Morbidity Ratio, 
elderly 

𝑀𝑅𝑒 Unitless 0.75 Point (34) 

 

Section 10. Scalding and energy costs 

 
The cost of scalding was calculated using data from Moritz and Henriques (1947) (35). Data in 
the original work were presented in coordinates of temperature and time based on two categories 
of severity of injury: epidermal injury and epidermal necrosis. A log of the data on both axes was 
used so linear regressions could be calculated. The points for epidermal injury (mild-moderate 
injury) were used to find a linear regression shown in red below in Figure S2. The points for 
epidermal necrosis (moderate-severe injury) were used to find a linear regression shown in blue 
below. The 95% confidence intervals are shaded in grey around each regression.  

 

• Epidermal Injury: y = -0.0342x + 1.783 

• Epidermal Necrosis: y = -0.0359x + 1.793 
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Figure S2. The scalding curve for epidermal injury (red) and epidermal necrosis (blue) based on 
the log of time and log of temperature.  

 
The Monte Carlo model then determined where the severity of the injury lies for each iteration 
based on the temperature of the water at the showerhead and the time it took for the individual to 
remove themselves from the water (uniform distribution randomly sampled from 1.0 to 5.0 
seconds).  

 
Once it was determined which region each iteration was within, a monetary value was assigned 
based on approximate costs for each category.  

• No injury (blue): $0.00 

• Epidermal injury (yellow): $141.76 to $221.89 (uniform distribution randomly sampled) 

• Epidermal necrosis (red): $628.69 to $862.90 (uniform distribution randomly sampled) 
 
Differences in datasets could not be evaluated directly with statistical tests due to lack of 

alignment between temperature and time points (i.e. measurements that occurred at different 

times and different temperatures could not be directly compared). The regressions used were not 

statistically significant from each other (p>0.05). Once an injury has begun, if the stimulus is not 

removed there will only be a small amount of time until the injury progresses. We considered 

expanding the data set by adding the extensive dataset from pig injury and necrosis in Table 2 of 

Moritz and Henriques (35) which is plotted in Figure S3. Adding these data did not change the 

conclusion that the regressions associated with the two injury categories are not significantly 

different. Merging the human data in Figure S2 was also considered shown in Figure S4, 

however the small region between the two regressions indicates that there is a small range of 

temperatures before the onset of burn where there is a physiological difference in burn outcome—

a mild burn for a short duration. The merged scenario is a scenario that can be chosen by the 
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user in the code for this model. A sensitivity analysis for the cost of the injury or necrosis was 

estimated using data from Blue Cross Blue Shield, 2009, and is displayed in Table S12. 

 
Figure S3. The scalding curve for epidermal injury (red) and epidermal necrosis (blue) based on 

log of time and log of temperature for pig data.  
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Figure S4. The scalding curve for epidermal injury and epidermal necrosis together based on 
log of time and log of temperature for human data. Regression equation log(y) = -0.0347*log(x) 

+ 1.788.  
 
 

Table S11: Sensitivity analysis for three-category scald vs. two-category scald 

Case Three scald 
categories for 
human data (no 
injury, injury, 
necrosis -Fig S2) 

Pooled scalding data with 
categories for injury with 
human data (injury or 
necrosis) vs. no injury 
(Fig. S5) 

Difference in modeled 
optimum water heater 
set point 

0 55 56 +1 

1 54 54 0 

2 55 59 +4 

3 56 59 +4 

4 55 59 +4 

5 59 56 -3 

6 61 59 -2 

7 59 56 -3 

8 48 48 0 

9 48 48 0 

10 48 48 0 

11 48 48 0 

12 55 52 -3 

13 48 48 0 

14 55 53 -2 

15 48 48 0 

 

Table S12:  Scalding model and energy model parameters 

 

Parameter Symbol Unit Value Distribution Source 

Burn 
categories 

𝑖𝑛𝑗𝑢𝑟𝑦 𝑡𝑦𝑝𝑒 USD Focal 
epidermal 
necrosis: 
Min: 141.76  
Max: 221.89  
 
Complete 
epidermal 
necrosis: 
Min: 628.69  
Max: 862.90  

Uniform (36) 

Reaction time 𝑗𝑢𝑚𝑝𝑡𝑖𝑚𝑒 s Min: 1 
Max: 5 

Uniform Estimation 

Liters of water 
used for 
showering 
daily 

𝑄𝑖𝑛 L / Day 59 Point U.S. Geological 
Survey 
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Price per kWh 𝑃𝑘𝑊ℎ USD / 
kWh 

Mean: -2.01 
Sd: 0.25 
 

Lognormal  (37) 

Energy Factor 𝐸𝐹 - Min: 0.90 
Max: 0.95 

Uniform (38) 

 

Section 11. Additional results 
A complete set of outputs for the risk of infection, total cost, and heatmaps of water quality 
parameters throughout the premise plumbing system are shown in Figures S13-S14, 
respectively. 

 

 Case 0 

48°C 

 
49°C 

 

50°C 

 

51°C 
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52°C 

 

53°C 

 

54°C 

 

55°C 

 

56°C 

 

57°C 
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58°C 

 

59°C 

 

60°C 

 

61°C 

 

62°C 

 

63°C 

 

 

Figure S13: Heatmaps for temperature, chlorine residual, planktonic L. pneumophila,  sloughed 

L. pneumophila, and L. pneumophila remaining in the biofilm. 
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Case  Risk of Infection or Illness Total Cost 
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1 

  
2 

   
3 
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Figure S14: Risk of illness or infection of Legionnaires Disease and total cost graphs for all 
cases. 
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