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Abstract 

Domestic Hot Water (DHW) is produced, stored and 

distributed at temperatures above 60 °C to mitigate the 

risk of contaminating DHW systems with 

L. pneumophila. As a sustainable alternative, this paper 

describes the steps towards a heat shock regime. 

Previously, a theoretical proof of concept of an energy-

saving anti-Legionella controller is developed that sets a 

lower DHW temperature combined with heat shocks in 

case a predefined concentration limit is reached. The 

L. pneumophila concentration throughout the system is 

predicted using a simulation model that runs in the 

background of the controller. A detailed simulation study 

of such a controller showed savings of 38 % (distribution 

energy) and 14-64 % (production energy) without 

increasing contamination risk. The purpose of this paper 

is to implement the stand-alone controller prototype in a 

test setup to demonstrate its functioning. Results show 

that the controller is able to predict the 

L. pneumophila sg. 1 concentrations and to initiate heat 

shocks accordingly and correctly.  

Key Innovations 

 Proof of operation of energy-saving anti-

Legionella controller in test setup. 

Practical Implications 

The heat shock regime as set by the energy-saving anti-

Legionella controller proves to be efficient in controlling 

the L. pneumophila sg. 1 concentrations in the test facility 

while saving 38 % (distribution energy) and 14-64 % 

(production energy) in DHW energy use. 

Introduction 

In recent years, energy use for heating has been 

significantly reduced in renovated and new buildings (e.g. 

due to improved building envelopes, less infiltration 

losses and more energy efficient heating systems). As a 

result, the energy needed for DHW represents an 

important share in the total energy use (Rogatty, 2003). 

To further reduce the energy use of buildings, DHW is a 

domain that should be looked into. The main reason for 

the high DHW energy use is that DHW is produced at 

temperatures above 60 °C to mitigate the risk of 

contaminating the DHW system with L. pneumophila. 

L. pneumophila appears in naturally environments and 

can cause an acute respiratory disease or severe 

pneumonia that can be fatal. The growth rate of 

L. pneumophila is temperature dependent (Figure 1). 

 

Figure 1: Schematically representation of growth 

function of L. pneumophila in water (blue, adapted from 

(Sanden et al., 1989)) and biofilm (brown, assumptions 

derived from (Storey et al., 2004; Cervero-Aragó et al., 

2015)). 

L. pneumophila grows well at a temperature between 

25 °C and 50 °C, with an optimal growth around 37 °C. 

To limit the epidemiological spread of L. pneumophila in 

DHW systems, water temperatures should be kept outside 

this temperature range (Percival and Williams, 2014). 

Hence, water is produced, stored and distributed above 

60 °C. This elevated temperature, however, is not 

necessary for most DHW applications, such as showering 

or washing hands, which requires a maximum comfort 

temperature of about 40 °C. The disparity between 60 °C 

and 40 °C doubles the temperature difference between the 

DHW system and environment. This has a negative effect 

on the storage and distribution losses. In addition, 

producing hot water at a lower temperature will also be 

advantageous for employing sustainable production 

systems such as heat pumps. Heat pumps have a higher 

efficiency at a production temperature of 45 °C (Van 

Kenhove et al., 2019a). A lower production temperature, 

could therefore reduce the energy use. Alternative 

measures exist in case this standard 60 °C measure cannot 
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be applied. For public buildings in Flanders (Belgium), 

approved alternative measures rely on chemical or 

electrochemical decontamination. However, concerns are 

raised about these measures’ harmful by-products and 

other health related risks (e.g. Pūle, 2017). This research 

focusses on a new alternative technique that relies on 

thermal decontamination. Instead of producing and 

storing water continuously at a high temperature of at 

least 60 °C, there will be an alternation between the 

comfort temperature required at the tap (± 40 à 45 °C) and 

a high decontamination temperature to mitigate 

L. pneumophila in water and biofilm (> 60 °C). The heat 

shocks are initiated by a smart anti-Legionella controller 

as soon as a predefined concentration limit has been 

reached. To apply this technique, it is mandatory to know 

the L. pneumophila concentration in the DHW system, 

which will be different for each system. Meaning that one 

general guideline for the heat shock time and duration 

cannot be defined, as this may either lead to dangerous 

concentrations in certain building systems or 

underestimates the energy savings. As it is 

difficult/inconvenient to measure the L. pneumophila 

concentration continuously, the anti-Legionella controller 

includes an algorithm that predicts the growth in the 

DHW system. Previously, a theoretical proof of concept 

has been reached, and a DHW controller prototype has 

been developed (Van Kenhove et al., 2019) and tested in 

controlling the total viable microbial cells in drinking 

water (De Backer et al., 2020). In this current paper the 

tests are extended to L. pneumophila serotype 1 [sg. 1] 

when testing the operation of the anti-Legionella 

controller in the test setup. 

Experimental test setup 

Design of test setup 

One of the legal requirements to bring the controller to the 

market, is to prove the concept in laboratory conditions. 

The laboratory test setup represents a real situation. This 

research focusses on buildings with a large DHW demand 

and a central DHW heat source. Typically, this means that 

a large volume of water is stored in a storage tank at high 

temperature to meet the large DHW demand in a short 

period of time. Many large residential (multi-family) and 

non-residential buildings employ circulation distribution 

systems to reduce the required time and water use. 

Therefore, the test setup consists of a circulation loop. 

From this circulation loop, the heated water is conveyed 

through pipes to multiple draw-off points. Figure 2 shows 

the front and back view of the test setup. 

The test setup consists of three main parts: 

 The DHW system, containing the production unit, the 

distribution system, two distal pipes (i.e. end-use pipes) 

and four draw-off points. 

 The controller and simulation model in the background 

that sets the temperature of the production unit to 

control the L. pneumophila sg. 1 concentration. 

 Monitoring devices to measure temperatures, energy 

uses, tapped water volumes, flow rates and sampling 

points to measure L. pneumophila sg. 1 concentrations 

in the system. 

 

  

Figure 2: DHW test setup with electric storage tank. 

a) Front view with production and distribution system. 

b) Back view with distal pipes and draw-off points. c) 

Picture of front view with production and distribution 

system. 

DHW system 

The DHW is produced by a floor mounted cylindrical 

storage tank with an electrical flanged immersion heater. 

Based on the tapped volume for a family of 4 to 5 persons 

and the power of the immersion heater, a tank of 200 l is 

chosen. The internal tank height is 1.5 m and the internal 

diameter is 0.4 m. The tank is insulated with 10 cm of 

mineral wool with a thermal conductivity value of 

0.04 W/(m·K). The water inlet (cold and return water) is 

situated at the bottom of the tank and the outlet at the top. 

The circulation loop is 40 m long and consists of insulated 

multilayer pipes. All technical characteristics of the 

storage tank, pipes and insulation are described in detail 

in Van Kenhove et al. (2019a). A circulation pump with a 

fixed mass flow rate of 0.020 kg/s is located at the return. 
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A second pump is installed over the storage tank to 

circulate the water from top to bottom through the entire 

storage tank to prevent stratification. This pump serves to 

heat the entire water volume in the tank to at least 60 °C. 

Two distal pipes are connected to the circulation loop, 

representing shower and kitchen pipes (Figure 2b) (Van 

Kenhove et al., 2019). The test setup includes only the hot 

water part of a DHW system. This means that at the taps 

no mixing valves are present to obtain the desired tap 

temperature of 40 °C. The required mass flow rate of hot 

water at the tap is controlled from a controller with as 

input parameters the mass flow rate of the tap, the 

production temperature and an assumed cold water 

temperature of 10 °C. 

Controller 

The concept of the controller can be compared with a 

smart thermostat. The controller determines the set point 

temperature of the water based on the expected 

L. pneumophila concentrations at different points in the 

system. In addition, the controller can also change the 

mass flow rate of the circulation pump and initiates a flush 

of the distal pipes. Figure 3 shows the concept of the 

controller prototype. The control signal to the relay, pump 

and valves cannot be chosen manually, but are defined by 

an algorithm running in the background (dynamic 

simulation model of the system). This algorithm predicts 

the L. pneumophila concentration. If the predicted 

L. pneumophila concentration, exceeds a pre-defined 

threshold level, the decontamination mode is activated. A 

signal is sent to the Arduino controller that passes this 

signal to the relay, pump or valve. 

 

Figure 3: Block diagram of the controller concept. 

The algorithm should be fast enough (calculation time) 

and precise enough (at different locations). 

Microcontrollers (e.g. Arduino) are limited in processor 

and memory resources. For applications that are processor 

or memory intensive, what is expected for the algorithm 

of large buildings cases, the resource demand is offloaded 

onto a PC in order to make the application successful. 

Hence, by the use of a microprocessor development 

board, the on/off control is connected with a computer. In 

other words, the microcontroller is controlled from the 

host computer. The server side is uploaded to an Arduino 

microcontroller in the form of an Arduino Sketch. The 

Arduino client used in this case is the Modelica software 

and FirmataLibrary in Visual studio. The Arduino 

receives temperatures from multiple thermocouple 

sensors (i.e. storage tank, supply, return and 

environmental temperature) and passes these signals to 

the PC. In the other way, the Modelica software is used to 

predict and control the L. pneumophila concentrations. 

The simulation model runs all the time. Based on 

measurements each minute, the running model is 

corrected real-time. Before the effective test, which is 

described in this paper, the communication between the 

simulation model, the controller and the test setup is 

tested. Furthermore additional precautions are built in in 

case of failure. For example, when the simulation model 

fails, the test setup is brought back to the standard 

temperature of 60 °C to prevent the risk of 

L. pneumophila growth. 

Simulation model in the background 

A model of the test setup is made in the Modelica 

language in the software environment Dymola 2021. To 

model the hydraulic system, the Modelica 3.2.2 library, 

the Buildings 6.0.0 library (Wetter et al., 2014) and 

IDEAS 2.1 library (Jorissen et al., 2018) are used. To 

calculate the L. pneumophila concentration, a custom 

library developed by the authors (Van Kenhove et al., 

2019c) is used that makes it possible to calculate the 

L. pneumophila concentration at every position in the 

hydraulic system. The Arduino library (Dassault 

Systèmes, 2018) is applied to build the virtual controller 

and to test the Arduino sketch files. All the technical 

characteristics of e.g. the storage tank, pipes and 

insulation, used as input for the components, are 

described in Van Kenhove et al. (2019a). 

In this simulation model, a control algorithm (Figure 4) is 

present that controls the duration of the heat shock in case 

a heat shock is initiated. The control algorithm contains 

different transitions (T1 to T8), fired by the inputs or 

predefined conditions such as duration, that activate 

different steps (step 1 to step 8), leading to a certain action 

(e.g. raising the set point temperature). The algorithm has 

two inputs and four outputs. The first input (u_C) is a 

Boolean input. This input becomes true in case the 

maximum value of the L. pneumophila concentration 

predicted at different positions in the system (i.e. at the 

distal pipes, in the storage tank, at the supply and at the 

return) is higher than the defined threshold. In that case, 

T1 is fired and a heat shock is initiated (step 2). This 

includes that the first output (T_tank) will change the set 

point temperature to the predefined heat shock 

temperature and that the second output (m_flowrate) will 

increase the mass flow rate in order to keep the maximum 

temperature difference between the supply and the return 

at 5 °C. From now on, the second input (T), namely the 

temperature measured in the storage tank, will be used. As 

can be noticed on Figure 4, the measured temperature and 

the set point temperature are compared in a hysteresis 

control (hys) with a predefined dead band of 1 °C around 

a defined set point temperature. During the first step in the 

heat shock (step 2 is active) is verified if there is sufficient 

warm-up time of the whole circulation circuit. Once the 

measured temperature in the storage tank reaches the 

defined shock temperature (T2 is fired and step 3 

initiates), the temperature will be maintained for a defined 
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period of time before the distal pipes are flushed (step 3). 

In this case, the defined warm-up time is two hours 

(equals the circulation time). Once this circulation time is 

passed (T3 is fired), alternating taps are activated to flush 

the distal pipes of the kitchen (activating step 4) and the 

shower (activating step 6). Each flush will last for 10 

minutes (T4 and T6) to ensure that sufficient flushing has 

taken place to kill the L. pneumophila bacteria in the 

system. Furthermore, between two flushes, it is checked 

whether the heat shock temperature is still maintained. 

Thus after flushing the kitchen pipe (step 4), step 5 is 

activated and will hold until the measured temperature in 

the storage tank reaches the set point temperature again 

(T5 is fired). Then flushing the shower is activated (step 

6). 

 

Figure 4: Control algorithm in the simulation model in 

case of a heat shock. 

Monitoring devices 

The water temperature in the storage tank and distribution 

system is monitored every 60 seconds using calibrated K-

type thermocouples directly in contact with the water. To 

measure the flow rate at the circulation pipe and distal 

pipes, a portable ultrasonic flow meter is used (Fluxus 

F601). Bacterial presence is measured by taking water 

samples at four locations: the supply, the return and the 

draw-off point at the distal pipe of the shower and kitchen 

(Figure 2). The samples are taken according to the 

OSHA's Water Sampling Protocol. One litre of water is 

collected in every sample and analysed by an accredited 

laboratory with the culture method (heterotrophic plate 

count) conforming to ISO 11731:1998 (and ISO 

11731:2017). 

Measurement campaign 

The measurement campaign consists of two tests (Table 

1). Both tests consist of multiple heat shock cycles and the 

purpose is to test the operation of the controller. The 

temperature is set by the controller algorithm. During test 

1, the system is kept at the optimal growth temperature of 

40 °C (Figure 1). During test 2, the system is kept at 

45 °C. The set point temperature of 45 °C is a more 

realistic set point temperature than in test 1, assuring a 

high enough comfort temperature at the taps (e.g. doing 

the dishes, taking a shower, washing hands). 45 °C is also 

the theoretical upper temperature limit for L. pneumophila 

growth in water (Figure 1). Besides a set point 

temperature, also an allowed concentration limit has to be 

defined in the controller. During test 1, the allowed 

concentration limit is kept low at 100 cfu/l, to guarantee 

the safety of the system for a first test. The allowed 

concentration limit during test 2 is elevated to 1 000 cfu/l. 

This value is according to Flemish (Belgian) regulations. 

Table 1: Overview of performed experiments. 

Experiment Period Temperature 

regime 

Allowed 

concentration 

limit 

Test 1 

 

1 week 

in December 

40 °C - 

70 °C 

< 100 cfu/l 

Test 2 

 

2 weeks 

in January 

45 °C -  

70 °C 

< 1 000 cfu/l 

 

During test 1, the L. pneumophila sg. 1 concentration is 

measured daily (except on Saturday) following the 

standard as described above in order to assess whether the 

controller is predicting and operating correctly. During a 

day with a heat shock, the concentration is measured 

immediately before and after the heat shock. During test 

2, concentrations are measured every four days and 

immediately before the heat shock and the day after the 

heat shock. The reason for the longer time interval 

between sampling during test 2 is because a slower 

growth is expected due to the higher set point 

temperature. Prior to the start of both test, the water in the 

system is kept at 70 °C for 24 hours to kill all 

L. pneumophila bacteria present in water and biofilm. In 

addition, all draw-off points of the distal pipes are flushed 

for 15 minutes. 

During testing, a representative tap profile of a residential 

household is programmed (Table 2). The cold fresh water 

entering the storage tank during tapping contains a limited 

natural amount of L. pneumophila sg. 1, drinking water 

bacteria and nutrients. 

Table 2: Tap profile. 

Time [h] Tap duration [s] Flow rate [l/min] Point of use 

6h59 10 6.5 Shower 

7h00 355 6.5 Shower 

7h10 393 6.5 Shower 

8h00 296 6.5 Shower 

12h00 6 5 Kitchen 

12h30 20 5 Kitchen 

13h45 30 5 Kitchen 

18h15 311 6.5 Shower 

19h00 6 5 Kitchen 

19h15 3 5 Kitchen 

20h00 30 5 Kitchen 

The concentration L. pneumophila sg. 1 in the fresh water 

can vary between 0.001 cfu/l and 25 cfu/l. This 

concentration is unknown, because it cannot be measured 

as it is below detection limit. To demonstrate the 

operation of the controller, a fresh water concentration of 
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25 cfu/l is assumed in the simulation model, to take the 

most negative situation into account as this is the highest 

possible concentration that can enter the building system 

in reality. 

Results & discussion 

Test 1 

The measured concentrations and temperatures during 

test 1 are shown in Figure 5. Measured and predicted 

concentrations [cfu/l] are plotted on the left axis for four 

locations in the system: the supply, return, shower and 

kitchen tap. On the right axis the corresponding 

temperature [°C] is plotted. 

Figure 5 clearly shows the temperature regime. As the 

thermostat is at the bottom of the storage tank, 

temperatures slightly higher than 40 °C are present at the 

supply pipe (± 42 °C). In addition, there are also higher 

temperature fluctuations at the supply than at the return 

due to the on/off regime of the thermostat. A maximum 

temperature difference of 5 °C between supply and return 

is respected. The temperature at the return measured 

± 38 °C. The temperature plot at the distal pipes shows 

when water is drawn off. In the distal pipe to the kitchen 

tap, a temperature of 40 °C is not always reached due to a 

short tap time (as could be seen in Table 2). 

During test 1 (with the 40 °C regime), a fast growth can 

be observed in simulations. Furthermore, a similar 

increase in concentration is observed at the supply and 

return of the circulation loop, while a lower increase is 

observed at the distal pipe of the kitchen and shower. The 

concentration is always a function of multiple factors such 

as the biofilm, the mass flow rate, the water temperature 

and the refreshing of the water. Specifically for this case, 

one explaining factor for the lower concentration in the 

distal pipes is the local lower water temperature, as the 

water in these pipes is stagnant and is influenced by the 

ambient temperature of 19-24 °C. This ambient 

temperature is less optimal for growth than the 

temperature of 40 °C. 

After 73 hours (~ 3 days), the predicted concentration 

reaches the concentration limit set at 100 cfu/l and the 

heat shock is activated. Due to the optimal temperature in 

the storage tank and circulation system, this concentration 

is reached first at the return pipe. As expected, due to the 

increased temperature during the heat shock, the 

concentration decreased. This decrease is immediately 

noticeable at the supply and return. In the distal pipes a 

slower decrease is observed. During the heat shock, the 

water will first heat up the storage tank and circulation 

system. As long as the hot water does not flush the distal 

pipes (because there is no tapping), the concentration will 

increase. Due to heat conduction through the brass parts 

of the system and by diffusion, the temperature in the 

distal pipes increases slowly, but remains too low to kill 

all the L. pneumophila bacteria present. At the first tap, an 

immediate decrease can be noticed at these two points. 

This cycle is activated twice during a period of one week. 

The second heat shock is activated at 148.7 hours (~ 6 

days). The predicted concentrations correspond well with 

the measured concentrations, as expected all culture 

measurement confirm concentrations under 100 cfu/l, the 

Limit of Quantitation (LOQ). 

 

 

 

 

Figure 5: Test 1 (1 week in December): Measured 

heterotrophic plate count cell concentration [cfu/l], 

simulated concentration [cfu/l] and local temperature 

[°C] at a) Supply and b) Return of the circulation pipe, 

c) Kitchen and d) Shower. 
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Test 2 

Figure 6 shows the results of test 2. The predicted 

concentrations [cfu/l] are plotted on the left axis, on the 

right axis the corresponding temperature [°C] is shown.  

During test 2, the set point temperature of the storage tank 

is 45 °C, assuring a high enough comfort temperature at 

the taps. The cold fresh water entering the storage tank 

contains a limited natural amount of 

L. pneumophila sg. 1. Again, to demonstrate the 

operation of the controller, a fresh water concentration of 

25 cfu/l is assumed, to take the most negative situation 

into account as this is the highest possible concentration 

that can enter the building system in reality. 

The allowed concentration limit during test 2 is elevated 

to 1 000 cfu/l. Due to the higher set point temperature and 

the elevated limit, the heat shock is initiated by the 

controller after 8 days, once the concentration limit of 

1 000 cfu/l is reached. 

In test 2, more drops can be observed in the course of the 

predicted concentration. These drops are due to tapping. 

The fact that these drops are more pronounced in test 2 

than in test 1 is because the concentration difference 

between the concentration in the system and the 

concentration of the fresh water that enters the system 

while tapping is larger. Namely in test 2 the boundary 

limit concentration is raised to 1 000 cfu/l instead of 

100 cfu/l, while the concentration of the fresh water is 

assumed at 25 cfu/l. The tapping therefore has a positive, 

or in other words a slowing down effect on the growth of 

L. pneumophila sg. 1 in the system. 

The predicted concentrations overestimates the measured 

heterotrophic plate count cell concentrations. From 

further analysis and measurements it is certain that this is 

due to overestimating the value of L. pneumophila in the 

fresh water. This value is lower in this case in reality. If 

an initial concentration of 1e-3 cfu/l is assumed, which is 

more realistic for this particular case, it implies that after 

8 days still no measurable L. pneumophila sg. 1 

concentration is present (LOQ of the heterotrophic plate 

count is 100 cfu/l). However, the purpose of the controller 

is not to predict the L. pneumophila concentration in the 

system as precisely as possible. The aim is to predict the 

L. pneumophila concentration taking the most negative 

situation into account as this is the highest possible 

concentration that can enter any building system. This 

results in the fact that heat shocks will occur faster than 

necessary, making sure a healthy system is guaranteed. 

 

 

 

 

Figure 6: Test 2 (2 weeks in January): Simulated 

concentration [cfu/l] and local temperature [°C] at a) 

Supply and b) Return of the circulation pipe, c) Kitchen 

and d) Shower. 
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Comparison energy use 

Because the goal of the anti-Legionella controller is to 

save energy, without increasing the contamination risk, 

the energy use of the electric storage tank is compared 

between continuously heating at 60 °C and the heat shock 

regime as performed in test 2. The energy use for one 

month is respectively 834 kWh versus 517 kWh. This 

shows a reduction of 38 % as can be seen in Figure 7. 

 

Figure 7: Comparison monthly DHW use of standard 

60 °C and heat shock regime (45 °C/70 °C). 

Discussion 

The test setup shows that the introduction of fresh cold 

water has a slowing effect on L. pneumophila growth in 

the circulation system. In practice, because of this 

proposed lower temperature regime of 45 °C, more hot 

and less cold water will be drawn from the system (as the 

ratio of hot and cold water at the mixing valve changes). 

A positive aspect of the higher hot water usage is that the 

water in the storage tank is refreshed more often and 

stands still shorter than at the higher 60 °C temperature 

regime. This is advantageous to prevent growth in the 

system. By moving to a lower temperature regime, a 

larger volume of water will need to be heated than in a 

high 60 °C temperature regime. However, the tests 

showed that the energy savings are still significant at 

38 %, without taking more energy efficient production 

units into account. 

Conclusion 

In this paper the operation of the anti-Legionella 

controller is demonstrated with L. pneumophila sg. 1. The 

results showed that the anti-Legionella controller is able 

to predict the concentrations and to initiate heat shocks 

accordingly. 

The conclusions of this paper are opening the path 

towards controlling L. pneumophila in an alternative way 

(instead of constant 60 °C), making it possible to save 

energy without endangering the health of the residents. 
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