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Abstract. Rules to prevent from legionnaires disease gain importance as the building sector, esp.
multi-family houses, needs to be decarbonized with temperature sensitive heat pumps. As
legionella grow often in the peripheries of the pipe networks, we carried out dynamic simulations
with TRNSY'S of four different piping designs with composite pipes inside a reference apartment
(T-piece, in-series, ring and a mix of T-piece for potable hot water (PWH) and ring for potable
cold water (PWC)). We applied PWH and PWC tapping profiles for each tap, investigated two
different supply temperatures of potable hot water 60 °C and 45 °C, and compared the results
using hygienic, comfort and energy efficiency performance indicators. Based on the indicators
and the boundary conditions used, classical T-piece and the mix installation show the best results,
followed by series and ring, especially when using decentral water heaters with 45 °C.

1. Introduction

The efficiency of renewable heat generators, such as heat pumps or solar thermal, are highly temperature
sensitive (e.g. 2-2.5 %/K for heat pumps [1]). In addition to the temperature level of the heating system,
the temperature level for drinking water heating and thus drinking water hygiene become the focus of
attention as heat losses via the building envelope are progressively reduced.

Bacteria of the genus Legionella occur naturally in drinking water, can multiply to critical levels in
domestic drinking water installations, infect mainly elderly men when inhaled, and cause pneumonia,
called Legionnaires' disease. Reported case numbers in Germany have increased sharply from roughly
400 to 1,500 over the past 20 years figure 1a), although a high number of unreported cases (about 20,000)
is assumed (see [2], [3]). Most cases (about 75 %) are acquired in the private or professional
environment (community acquired legionnaires disease = CALD, as distinguished from hospital-
acquired and travel-associated) [2]. The lethality is about 5 % [4] and the weekly case numbers show an
interesting correlation with cold water network temperatures in the course of the year (cf. figure 1b),
which is why the cold water installation is also the main subject of investigations (e.g. [5]) and will be
considered in the following paper as well.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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Figure 1. Reported case numbers of Legionnaires' disease in Germany (annual (a) and weekly of the
years 2013-2022 (b).

The LeTriWa study concludes that about 63 % of CALD is due to drinking water installations that
do not require testing [6]. This and other studies (like [7]) are used to question the exemptions for
decentralized water heaters. On the other hand, the increasing numbers of cases and seasonality do not
necessarily support the thesis of drinking water installations as the primary source of infection. For
Legionella, neither a dose-response relationship nor a minimum infective dose is known (cf. [8]).

This study wants to contribute to a better Quality of potable water
understanding of the complex interaction of the . .
factors temperature and water exchange and to
concretize the rules of engineering, if
necessary. For example, there is a conflict
between positive and negative effects of higher
PWH temperature. Unnecessary anxiety
surcharge of PWH temperature decreases flow
velocity u, increases stagnation time ¢ and
increases temperature ¢ of PWC. Thus it is
crucial to find the right balance (cf. figure 2).

Figure 2. Factors influencing the drinking water
quality of drinking water installations and their
qualitative relationship.

In general, to improve the water exchange
parameter and to reduce the residence time, we
recommend instantaneous water heaters (IWH)
for PWH. These are used in multi-family houses either centrally with a circulation line or decentrally
without a circulation line. While it seems appropriate to lower the PWH temperatures from 60/55 °C
towards 55/50 °C for central IWH due to the significantly reduced water volume (cf. [9], [10], and DIN
1988-200), there are no requirements in Germany for decentralized IWH with less than 3 liters to the
tap (cf. DIN 1988-200, DVGW W551).

2. Model
Since Legionella predominantly settle in the periphery, we investigate drinking water installations in a
reference apartment in this paper. In a TRNSYS simulation study, we looked at the thermal behavior of
four different drinking water installations within the apartment and compared them in terms of energy
efficiency, hygiene and comfort. All four models have already implemented the connection of the hot
taps with PWH from above and PWC from below to reduce the heat exchange between PWH and PWC
and to reduce the heating in unused branch lines by pipe internal convection.

The variants considered are the T-piece installation, the looped-through in-series installation, the
looped-through ring installation, and a mixture with PWC ring and PWH as T-piece installation.
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a — T-piece installation (T-piece)

b — Series installation (series)
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Figure 3. Four different investigated installations (simplified) for potable water.

The arrangement of the taps results from the layout of the bathroom and kitchen. Kitchen sink,
washing machine and dishwasher draw at the same point of PWC. The pre-wall installation has been
modeled as a thermal capacity with Lump type 963 (heat capacity 0.627 kJ/K, heat transfer coefficient
3.125 W/(m*K) and surface area 3.864 m?). It is thermally coupled to the 6-10 PWH pipe segments and
8-13 PWC pipes (type 604), as well as the pre-simulated bathroom air temperature (cf. figure 4b).
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Figure 4. Floor plan of the bathroom with
arrangement of the taps in the apartment
(a) and the pre-simulated annual variation
of the bathroom temperature (b).

The pipe materials, diameters and lengths used are shown in table 1.

Table 1. Applied pipe parameters for the four installations.

T-piece Series Ring Mix
Pipe material Composite pipe (polyethylene, aluminium)
Pipe diameter PWH: 16; 20 mm
(irf)ner; outer) 16;20 mm 16;20 mm 12;16 mm PWC: 12; 16 mm
PWH
Pipe length; 3.7 m; 4.4 m; 7.6 m; 3.7m;
Pipe volume 0.741 091 091 0.741
PWC
Pipe length; 5.1 m; 7.1 m; 10.5 m; 10.5 m;
Pipe volume 1.01 141 1.21 1.21
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For the ring installation, the Table 2. Pre-calculated volume flow distribution according to
volume flows to the taps via two Hardy-Cross method for ring installation (kitchen sink incl.
pipes (left and right). As the left dishwasher and washing machine).

and right hydraulic resistances Taps Wash basin Kitchen sink Toilet Shower tray
differ for each tap, we pre- PWH
calculated the division for each [Left 63 % 51 % - 38 %
tapping  point  numerically, Right 37 % 49 % - 62 %
neglecting parallel tappings. PWC

For all taps (PWC and PWH), | .4 66 % 55 9% 45 % 34 %
5s tap profiles have been Right 349 45 % 550, 66 %

generated (cf. [11]), with the
tapping profile of a working young couple applied in the apartment under consideration. A central
assumption is that only at the shower, there is an extension of the tapping event until the hot water
arrives before it is used.

Table 3. Parameters applied and statistics of the seven water consumers and the four draw-off points.

Wash Kitchen = Washing Dish Shower  Bathing WC
basin sink machine  washer
O Water demand/tapping 0.7 1 3.01 481 111 481 1401 751
© Water demand 1/(P-d) 4.2 7.7 9.2 3.15 32.9 5.8 21
© Tappings/(P-d) 6.04 2.55 0.1918 0.2857 0.6857 0.0415 3.0
Water withdrawal 1/(P-a) 1822 3330 6720 2300 12418 2170 9173
Desired temperature T 35°C 42 °C - - 39 °C 42 °C -
Draw-off points (cf. fig. 4) 1 2 PWH /2 PWC kitchen incl. sink 3 Shower tray 4 PWC
Average stagnation time 1.69 h 391h/ 2.47h 16.67 h 337h
Median of stagnation time 0.51 h 1.49h/ 0.73h 12.18 h 1.22h

In addition to the design of the drinking water installation, the supplied PWH temperature entering
the installation is varied between 60 and 45 °C respectively.

3. Key performance indicators (KPI)

The utilization ratio @ is calculated for each variation i as ratio of the heat drawn at the taps divided by
the heat supplied to the installation. The energy efficiency EFE is normalized to give values between 0
and 1, which simplifies the comparison of the variations, but may not be interpreted that 0 is no
efficiency.

-1
EE; = (a)i — min a)i) . (1 — min a)l-) (1)
L l
As criterion for the comfort we summed up the times at each tap &, when the drawn water is colder

than the desired temperature Ti.;. The normalized Comfort KPI follows from:
-1
CO‘meTti = (ml.ax(tcomfort,i) - tcomfort,i) ' (ml.ax(tcomfort,i) - miin(tcomfort,i)) (2)

o
As KPI for the hygiene we calculated for each variation i the stagnation time (V;= 0), when the

temperature % was in the critical range, and summed up, weighted with inner surface area 4;, for all
pipes j of PWC and PWH. As reference we chose the inner surface of the T-piece installation, giving a
surface weighted stagnation time #.s;. Hence, installations with large pipe area are disadvantaged (e.g.
ring installation has 54 % more surface than T-piece). As critical temperature range we chose 25 °C
according to [5] and 50 °C according to [12].
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thygi = z Aj ’ Z At 'AT—piece_1 (3)
J (2559,<50°C)AV ;=0
The defined KPI does not pursue the goal of 07 07
modeling the growth of Legionella in drinking '
water installations, because there are still too & . | 0.6

many unknowns for this purpose (nutrient supply,
interaction of water phase and biofilm,
temperature dependence of lag phase). Instead, a
qualitative comparison of drinking water
installations is carried out, considering the
temperature range, stagnation time, type of
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us. Future studies will make refinements here. Figure 5. Relative frequency of stagnation times of
The weighted stagnation time is again normalized all pipes for all variations over stagnation time and
with the minimum and the maximum value for all Legionella concentration on a high-nutrient surface
variations i, to give values between 0 and 1. (AYE) at different temperatures acc. to [12].

-1
Hygiene; = (ml_ax thyg,i — thyg,i) . (mlax thyg,i — miin thyg,i) @)
4. Results
Figure 6 shows the results for the two PWH-temperatures (45 °C, 60 °C) entering the systems.
45 °C Hygiene 60 °C Hygiene
PWH PWH

100%

100%
90
B0%,
d

% . T-piece
% Mix Mix
20% T-piece /
10% / . .
Hygiene y Hygiene
Comfort PWC Comfort PWC

Series 0% w

EE

EE

Figure 6. Normalized results of the four installation types for the PWH temperatures 60 °C and 45 °C.

As expected, reducing the temperature from 60 to 45 °C lowers the comfort but increases the energy
efficiency. The ring installation shows the lowest results with refer to all considered KPIs, for comfort
and PWH hygiene with 45 °C (5495 h) and for energy efficiency and PWC hygiene (571 h) with 60 °C.
T-piece installation and mix installation are almost equal at the first place. With respect to PWH hygiene
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we see the highest ranking for 60 °C with T-piece (2817 h), but the mix installation is close behind
(2892 h). Reducing PWH to 45 °C changes the values only slightly (2924 h for T-piece and 3054 h for
mix). Frequent hot water flows through many pipes, like at ring and series, is not beneficial for this KPI.
For 60 °C, a small part of the stagnation time is above the critical range and, thus, the KPI a little better.
Regarding PWC, the ranking changes from mix, T-piece, series, ring at 60 °C to T-piece, mix, series,
ring at 45 °C and there is even an improvement with 45 °C (down to 298 h for T-piece). Unlike PWH,
frequent flow is advantageous here (mix), but the water change in the ring installation is less due to
larger volumes and a shift to PWH due to lower PWH temperatures at the tap.

5. Discussion and Outlook

The results are valid for the specific model under the applied boundary conditions and the assumptions
made for the KPIs, especially the KPI for the hygiene. Different boundary conditions, tapping profiles,
location of the taps, and a more detailed modelling of legionella growth will change the results. Although
the reliability of the defined KPIs can still be enhanced, the integration of hygiene-relevant parameters
into the consideration of transient simulations enables the preliminary identification of potential risks
and deficiencies within a system through simulation, subsequently allowing for experimental validation.
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