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introduction

The use of indoor pools is a popular health and leisure activity and sport offer. However, operating a conventional
bathroom is very energy-intensive and therefore costly. Many municipalities are increasingly faced with the question of
how they can continue to maintain their offer. Reducing the operating costs of indoor pools is therefore an urgent concern.
A promising approach for this is the significant increase in energy efficiency. Many public and private operators of indoor
pools have already expressed their interest in the construction of highly efficient indoor pools or in improving the energy
efficiency of existing pools, some of which have been realized or are under construction.

Fig. 1: The first two - Passive House indoor pools Bambados in Bamberg (left), completed in 2011 (left)
and Lippe-Bad in Lünen (right).

The studies and operating experience to date from the first two passive house indoor pools confirm that the
implementation of the passive house concept for indoor pools is significant savings can be achieved. It is therefore expedient to pursue this concept further, to consolidate it and thus enable it to be
widely used. Important pioneering knowledge has already been gained from the previous projects. However, it is also
clear that the savings potential in the two pilot projects has not yet been fully exploited. With this report and the associated
guidelines, the knowledge gained is processed so that it can be used in future projects in a targeted manner in order to
tap further energy saving potential.

The Lippe-Bad in Lünen and the Bambados in Bamberg were developed based on the concepts from the “Basic
investigation of the building physics and technical conditions implementation of the passive house concept in the public indoor pool ”of the Passive House Institute (PHI) from 2009
[Schulz et al. 2009]. This study was developed at the suggestion of the Lünen spa company with funding from the German
Federal Environmental Foundation (DBU). The construction itself was then accompanied by the project "Integral planning
for the realization of a public indoor swimming pool in the concept of passive house technology" [BGL 2011]. This planning
area -

Management on behalf of the Lünen spa company was also funded by the DBU. The indoor pool was opened in
September 2011. To check the planning data in reality
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and the operational optimization was followed by scientific monitoring of the indoor pool in the first year of operation
(funding from the Federal Ministry for the Environment, Nature Conservation and Nuclear Safety, BMU). The
corresponding final report from the monitoring was submitted in August 2013 [Peper / Grove-Smith 2013].

It turns out that due to the complex technology of an indoor pool, the first one and a half years of operation were required
for adjustment and various technical questions had to be clarified. Despite the very positive outcome of the monitoring, it
was not yet possible to fully implement all of the planned savings in terms of operating mode (e.g. higher humidity in the
hall air, reduction in air volumes), and open questions remained. For this reason, monitoring was taken up again, in
particular in order to process the knowledge gained for use in future projects and thus for the dissemination of energy
efficiency in the area of bathrooms.

Parallel to the bath in Lünen, the second passive house indoor pool "Bambados" in Bamberg was accompanied by the PHI
in the planning and examined by the PHI during the first years of operation. The report on the monitoring of the leisure pool
was completed in early September 2015 [Gollwitzer et al. 2015]. Another large passive house indoor pool is currently
under construction in the southern English city of Exeter, in which the PHI is also carrying out extensive consultations.

This report includes tests and measurements on existing pools, a cost-benefit analysis of various measures and planning
recommendations (guidelines) for future pools. A short guide and a detailed guide for passive house indoor swimming
pools are also available as a summary. All of the reports and guidelines mentioned are available for free download on the
homepage of the Passive House Institute: http://passiv.de/de/05_service/03_fachliteratur/030306_hallenbad.htm

2nd
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Lippe-Bad: short description

Since a large part of the research in this report relates to the Lippe bath, the project is briefly presented here. Details of
the planning process are documented in [BGL 2011], as well as initial monitoring data in [Peper / Grove-Smith 2015].

The Lippe bath was designed and planned by the architecture firm "nps tchoban voss" (npstv) from Hamburg. The planning
of the entire house, ventilation and swimming pool technology was carried out by the engineering company ENERATIO
from Hamburg. The passive house institute, Darmstadt, provided the energetic advice and quality assurance. The client is
the Lünen spa company.

The energy reference area (EBF) of the entire indoor pool is 3,912 m², the water area of the five pools is 850 m². There is
a combined parent-child and warm pool (175 m², pools 1 + 2), an instructional pool (100 m², pool 3) with lifting floor and
two sports pools (25 m) with a total of 9 lanes (260 m², pools 4 and 315) m², basin 5). Fig. 2 shows an exterior view of the
building and Fig. 3 shows the floor plan of the ground floor with the different hall areas, the showers and changing rooms
adjoining to the north, as well as the west-facing foyer. The southern section of the building, adjacent to Halle

5, was built directly onto an existing building (former heating plant), in which the switchgear with the electrical distribution
for supplying part of the city of Lünen is located today. The building shell of the new building as well as the old building
was made in passive house quality (U-values of the wall approx. 0.11 W / (m²K).

Fig. 2: West facade of the bathroom with main entrance (left) and Hall 1 + 2 (bottom right)

Passive house concept for indoor pools
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Changing room

foyer
Showers / toilets

Showers / toilets

Hall 4

Hall 1 + 2

Old building area

Hall 3

Hall 5

Switchgear

Fig. 3: Ground floor plan of the building with the different usage areas (source: npstv)

To supply the different areas of the building with outside air, to dehumidify the swimming pools and for heating, a total of
six ventilation units are operated with post-heating registers, which are located in the basement of the building. The intake
of the outside air and the exhaust air are carried out jointly for all systems via two central structures. Tab. 1 contains an
overview of all ventilation units and Fig. 4 a schematic representation of the ventilation technology. The device for hall 1 +
2 has a heat pump with evaporator (heat source) in the exhaust air after the plate heat exchanger and the condenser in the supply air flow before the post-heating
register. For the changing room / shower area there are support fans and additional -

Post-heating register in the basement, which ensure air transport from the changing rooms to the showers with increased
air temperature. In the foyer and changing rooms and showers areas, CO 2- or moisture sensors have been implemented
with appropriate control. This enables lower volume flows than in normal control mode.

Tab. 1: Overview of ventilation units (areas, types and volume flows)

4th
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investment

Device type

Heat exchanger

Design volume
flow

Hall 1 + 2
Hall 3

14,500 m³
Menerga,
ThermoCond

2 cross flow + 1 counter
flow in series

8,150 m³

Hall 4

12,000 m³

Hall 5

15,100 m³

Changing rooms
/ showers

10,000 m³

Menerga,
Dosolair

2 cross current in series

8,875 m³

Adjoining rooms

total

68,625 m³

Fig. 4 Schematic representation of the ventilation technology of the indoor pool. From [Peper / Grove-Smith 2015].
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In all areas, heating takes place exclusively via ventilation, there are no static heating surfaces. The heating circuits (room
air and water) are fed via low-temperature heat from the housing cooling (room heat) and the exhaust gas cooling
(condensing system) from the two neighboring CHP units of the Lünen district heating network. Fig. 5 shows a schematic
representation of the heat supply.

Fig. 5: Scheme of the heat supply for the indoor pool from the district heating network through the biogas CHP
(direct), exhaust gas calorific value use of both CHP plants, as well as the waste heat from the two CHP housings. From
[Peper / Grove-Smith 2015].

The pools are operated via three separate pool water circuits for pools 1 + 2, pool 3 and pools 4 + 5. Splash water tanks,
pump groups, water treatment and post-heating via heat exchangers are installed. The chlorination of the bath water takes
place in the Lippe bath by splitting the added brine portion by means of electrolysis cells. In order to improve the pool
water quality, the pool circuits had to be adjusted compared to the original planning and grain charcoal filters were
retrofitted. A treatment plant for the filter rinsing waste water helps to save heating energy (an analysis is part of the
present study).

6
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Lippe-Bad: Long-term evaluation of energy consumption

The first intensive monitoring of the Lippe bath in Lünen took place after commissioning in September 2011. The period
from April 2012 to March 2013 was analyzed as a year of investigation [Peper / Grove-Smith 2013]. In addition to the
consumption analysis and optimization during this intensive monitoring phase, the later course of the energy consumption
values is also of interest.

After the first intensive investigation phase, the bath was operated without further major changes in the operating
conditions. The investigation of long-term operation for the areas of heat and electricity is carried out here. Overall, the
following analyzes show that the values can be assessed as largely constant over the long term. The total consumption for
heat is a good 900 MWh / a and the electricity consumption is between 700 and 800 MWh / a.

3.1 Long-term heat consumption
In addition to the classic district heating connection, the indoor pool is also supplied by the waste heat from the two CHP
plants (natural and biogas). Two additionally installed flue gas heat exchangers are used in condensing mode and the
waste heat from the two CHP units is also used. In this way, very efficient heat sources were developed in the indoor pool,
which are often not available in other pools. In addition, heat from the biogas CHP plant is used directly without the
"detour" of the district heating network. A total of five heat sources feed into the bath's high temperature (HT) and low
temperature hydraulic network (NT) (cf. [Peper / Grove-Smith 2013]).

Another special feature of the bathroom's heat supply is that a heat pump is operated in the ventilation unit in Hall 1 + 2,
which extracts energy from the exhaust air and thus heats the supply air.

The evaluation of the long-term data (April 2012 to December 2017) showed that (probably due to meter changes) there
were months of data failures for individual supply meters. Therefore, the total consumption cannot be evaluated as a trend
over the entire 5.5 years. The consumption data for 2013 and 2014 are available in full and are shown in Fig. 6 and Tab. 2
for the various heat generators. The proportion of waste heat used (CHP waste heat + exhaust gas heat exchanger)
averages 60% in both years and thus contributes significantly to covering the heating requirements.

Passive house concept for indoor pools
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Fig. 6: Final energy consumption and share of heat delivery according to the different heat generators
for the years 2013 and 2014. NT network: hydraulic circuit for heating pool water at a lower temperature level (use of waste heat
from the housing). The heat delivery of the heat pump is not taken into account in the illustration (the electricity consumption of
the heat pump is included in the electricity section).

Tab. 2: Final energy consumption and share of heat delivery according to the different heat generators
for the years 2013 and 2014.

Consumption

Data
2013/2014

Housing
waste heat

WT CHP
natural gas

CHPs

Exhaust gas
CHP

CHP

District heating total

biogas

biogas

Final energy

171.8 /

114.3 /

282.0 /

353.3 /

80.0 /

992.5 /

[MWh / a]

174.8

79.8

285.0

266.8

53.3

859.8

proportion of

to hum

2nd

17% / 20% 12% / 9% 28% / 33% 36% / 31% 7% / 6%
57% / 62%

100%
43% / 37%

100%
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If the monthly heat quantities are sorted according to the 12 months of the year (Fig. 7), the different monthly consumption
values catch the eye. This type of representation is well suited to monitor and assess the current consumption values. It
can be seen that the consumption values in the first half of 2014 were significantly lower than in 2013. In this
representation, statements can easily be made about individual months without considering the details of the different heat
sources.

Fig. 7: Monthly consumption values for the heat supply of the Lippe bath (sum of the different
Heat suppliers, without heat pump) from May 2012 to December 2014.

With the more detailed examination of the period up to November 2014 in Fig. 8, another type of representation is to be
shown as options for operational monitoring. The monthly consumption of the 5 individual meters "heat delivery" is shown
there as a stack bar (without the heat delivery of the power supply WP). The first thing that catches the eye is the clear
annual change in consumption values. Second, it can be seen that the first winter period (2012/2013) shows higher
consumption values than the second (2013/2014). The last months of 2014 (October to December) are even lower.

Passive house concept for indoor pools
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Fig. 8: Monthly consumption values for the heat supply of the Lippe bath according to the different ones
Heat suppliers (without HP) from May 2012 to December 2014. NT network: hydraulic circuit for heating pool water at a
lower temperature level (use of waste heat from the housing).

Distribution of heat consumption
In addition to considering the delivery of the total amount of heat in the bathroom, the meter configuration can also be
used to make statements about the consumption sizes of various sub-areas for the total duration. The heat consumption
takes place in the three sub-areas (the average share of the total heat consumption in the period 2013 to 2017 is given in
brackets):
·

Shower hot water (19%),

·

Pool water heating (41%) as well

·

Post-heating ventilation without taking the heat pump into account (39%),

which are all recorded separately. Since there are no data losses here, the total time (69 months) can be examined on the
course of the annual values.
Since the heat pump in the ventilation unit in Hall 1 + 2 makes a significant contribution to the heat supply to the hall, this
is also shown here. The heat contribution delivered is estimated from the separately measured power consumption of the
heat pump using the annual coefficient of performance. The evaluation of the measurement data from one year has
resulted in an annual performance factor of approx. 4. This results in an average annual contribution of 18.6 kWh / (m²a)
additional heating for Hall 1 + 2.

4th

Passive house concept for indoor pools

3.1 Long-term heat consumption

For the evaluation of the heat consumption areas, five complete annual totals of the sub-areas are initially shown (Fig. 9);
Months of the incomplete year 2012 are not taken into account. In Fig. 9 it can be seen that the consumption of shower
hot water (green) shows an increase in consumption (2015, 2016 and 2017) of 19, 41 and 55% compared to 2013. The
reason can partly be justified by the increased number of visitors, but there must be other influences: The number of
visitors increased by 12% in 2015 and 16% in 2016 and 2017 compared to 2013. In contrast, consumption in 2014
remained almost unchanged compared to 2013 (+1%) with an almost constant number of visitors (+4%).

After the first year (2013), the pool water heating (yellow) has been at a slightly lower level for a period of three years (on
average -22% compared to 2013). In the last year of the study, the consumption for the pools increased slightly, but
remained significantly below the value of 2013 (-12% compared to 2013). The reheating of the ventilation (blue, without
HP) fluctuates slightly over the four years from -9 to +4%.

Fig. 9: Specific annual energy consumption values of the Lippe bath from the three sub-areas of the
Heat absorption from 2013 to 2017. Reference area: 3,912 m². HT + NT = sum of the high and low temperature circuit
for pool water heating.

If the monthly values are shown as stacked columns (Fig. 10, without WP), the annual cycle including the summer revision
times is clearly visible. The heating of the bath via air heating (blue columns) takes place all year round and shows a clear
summer-winter consumption difference. This annual cycle can be observed in a similar form for the heating of the shower
water (green) as well as for the heating of the pool water (orange).
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This means that the area of the heat consumption sectors can be assessed as relatively constant over the long period. No
general increase in the heat consumption values in the long-term observation after the period of intensive monitoring (from
April 2013) can be derived.

Fig. 10: Specific energy consumption values of the Lippe bath from the three sub-areas of the heat
(without WP) over a period of 5.5 years (April 2012 to December 2017). Reference area: 3,912 m². HT + NT = sum
of the high and low temperature circuit for pool water heating.

Pool water heating
The heat consumption of the pool water heating takes place in three pool water circuits, which are measured separately.
This enables a further differentiation of the consumption values analyzed above. In the long-term evaluation of the annual
totals in Fig. 11, 2013 shows a slightly higher level for all three individual groups (basin 1 + 2, basin 3, basin 4 + 5). This is
followed by three years of relatively stable consumption. In 2017, there was an increase in heat consumption for pools 4 +
5 and a slight increase in heating pool 3, with a slight reduction in the heat requirement for pools 1 + 2. A trend towards a
general increase in consumption values cannot be derived here. The causes cannot be determined here either, since
various influencing factors may have changed (e.g.

The monthly display shows the clear seasonal fluctuations including the low consumption values during the revision times
in summer (Fig. 12).
6
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Fig. 11: Heat consumption values for pool water heating from the three circuits in the Lippe-Bad as
Annual totals 2013 to 2017. HT + NT = sum of the high and low temperature cycle.

Fig. 12: Heat consumption values of the pool water heating of the three circuits in the Lippe bath for the
Period February 2012 to December 2017 (71 months). HT + NT = sum of the high and low temperature circuit.
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Air heating
The heat consumption for air heating by the heating register in the air flow can be evaluated for 5 complete years (2013 - 2017). Each of the 6 ventilation units
(halls and secondary zones) has a separate post-heating register. In addition, the air flow for the shower areas for women and men is reheated separately. This
results in a total of 8 separately measured amounts of heat for air heating. In addition, the calculated heat input of the heat pump in ventilation unit 1 + 2 must also
be taken into account. A good overview of the consumption values results from the representation according to these 8 + 1 sub-areas in Fig. 13. It is striking that
the consumption for Hall 5 is significantly reduced each year. Hall 4 and 5 are in a direct air network; the consumption of hall 4 changes very little. The outlier in
Hall 1 + 2 in 2015 is striking; the exact cause of this is unknown. It becomes clear that the WP contributes the significant contribution of approx. 80% (except for
2015) to the hall heating. In the "Adjoining rooms" zone, the consumption drop was noticed in 2014. The cause of the peak and the sink can be very different.
Partial failures of devices or changes in target temperatures are conceivable. Except for the changes mentioned, the consumption values are relatively constant.
The monthly graphs are shown in detail in the following graphic (Fig. 14) (there without the input of the heat pump). This shows, for example, the increased
consumption in Hall 1 + 2 in March to June 2015. that the WP contributes the significant contribution of approx. 80% (except for 2015) to the hall heating. In the
"Adjoining rooms" zone, the consumption drop was noticed in 2014. The cause of the peak and the sink can be very different. Partial failures of devices or changes
in target temperatures are conceivable. Except for the changes mentioned, the consumption values are relatively constant. The monthly graphs are shown in detail
in the following graphic (Fig. 14) (there without the input of the heat pump). This shows, for example, the increased consumption in Hall 1 + 2 in March to June
2015. that the WP contributes the significant contribution of approx. 80% (except for 2015) to the hall heating. In the "Adjoining rooms" zone, the consumption drop
was noticed in 2014. The cause of the peak and the sink can be very different. Partial failures of devices or changes in target temperatures are conceivable.
Except for the changes mentioned, the consumption values are relatively constant. The monthly graphs are shown in detail in the following graphic (Fig. 14) (there

without the input of the heat pump). This shows, for example, the increased consumption in Hall 1 + 2 in March to June 2015. The cause of the peak and the sink can be very different. Par

Fig. 13: Annual values of the heat consumption for air heating in the different areas (halls etc.)
in the Lippe bath from 2013 to 2017, taking into account the calculated heat quantities of the heat pump.
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Fig. 14: Monthly heat consumption values for air heating in the different areas (halls
etc.) in the Lippe-Bad from April 2012 to December 2017 (without WP).

3.2 Long-term power consumption
The development over a longer period of time can also be examined in the area of electricity consumption. It starts again
with the overall energy supply: The Lippe bath is supplied on the one hand via the power grid, and on the other hand via
PV cells on its own premises. The annual diagram (Fig. 15) shows that 2012, 2013 and 2017 consumed less electricity
than 2014 to 2016. The total annual electricity consumption fluctuates between 710 and 820 MWh if the first year (2012) is
not taken into account. The proportion of directly generated and consumed solar electricity is - depending on the solar
radiation supply - between 4 and 13% of the total electricity consumption; the proportion is 9% on average over the 6
years. The monthly revision shows in particular the summer revision times (Fig. 16).
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Fig. 15: Total annual electricity consumption of the Lippe bath 2012 to 2017 broken down according to the sources of supply

(Grid and PV generation).

Fig. 16: Total electricity consumption of the Lippe bath as a monthly course from January 2012 to December 2017
divided according to the sources of supply (grid and PV generation).

10th
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Distribution of electricity consumption

Five main groups of electricity consumption were named for the Lippe bath [Peper / Grove-Smith 2013] (the average
share of total electricity consumption in the period 2013 to 2017 is given in brackets):

·

Ventilation technology including heat pump (33%),

·

Large pumps in swimming pool technology (23%),

·

Auxiliary power for heating and sanitary (3%),

·

Electricity for lighting and sockets (10%) as well

·

"Miscellaneous" (31%) as a residual size, which includes, among other things, the entire remaining swimming pool

technology without the large pumps, as well as the technology flow for all MSR applications. This division is retained here
in order to be able to show an overview of the long-term development of the consumption groups. The five sub-areas can
be distinguished in the annual overview in Fig. 17. The areas "ventilation" and "various" dominate the consumption with
values mostly over 30%. In 2017, the share of "Diverse" will decrease, which will cause the shares to shift somewhat: The
annual ventilation increases to 37%, "Diverse" drops to only 23%. The large pumps for pool water technology are in third
place among the electricity consumption groups (by 23%).

In the monthly display with stacking columns for the 5 areas (Fig. 18), you can also see monthly outliers:

With slight shifts and individual outliers, the consumption groups are stable in long-term development.
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Fig. 17: Total annual electricity consumption of the Lippe bath from 2013 to 2017 divided into five
Main consumption areas.

Fig. 18: Total monthly electricity consumption of the Lippe-Bad divided from April 2012 to December 2017
according to the five main consumption areas. The hatched bars up to August 2012 in the "Light + sockets" area
are extrapolations.
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Electricity ventilation systems

The power consumption for each of the six ventilation systems in the Lippe bathroom is measured separately. 250,000 to
275,000 kWh of electricity are used annually for the entire ventilation consumption area (excluding the first year 2012) (Fig.
19). As already mentioned above, this corresponds to 32 to 37% of the total electricity consumption of the indoor pool.
Annual consumption is relatively stable at this level.

Fig. 19: Sum of the annual electricity consumption of all six ventilation systems in the Lippe bath (incl. WP).

The representation of the annual consumption per plant (Fig. 20) shows the different sizes of the plants. These differences
between the hall ventilation units are due to the very different air volume flows that are promoted. Here, too, the largely
constant annual consumption values per system can be seen; only a few outliers catch the eye: In 2016, a peak was
noticed in Appendix 5. Furthermore, it is striking that the consumption for the ventilation system "ancillary rooms"
increases continuously until 2016; In 2017 it will be slightly lower again. However, this is the system with the generally
lowest consumption values. It can be assumed that the setpoints have been adjusted over time. For units 1 + 2, the
electricity consumption of the heat pump is listed separately. This averages around 18.

The monthly consumption values in Fig. 21 show that generally less energy is required to operate the ventilation systems
in the winter months. The reason for this is that when the winter air is dry, smaller amounts of air are required to
dehumidify the hall. The highest consumption values were reached in 2016.
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Fig. 20: Annual electricity consumption of the six ventilation systems in the Lippe-Bad from 2012 to 2017. Consumption

In system 1 + 2, the electricity consumption of the heat pump is marked separately.

Fig. 21: Monthly electricity consumption of the six ventilation systems in the Lippe-Bad from January 2012 to

December 2017 (72 months).
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When examining the ventilation flow, it is also of interest how large the effort is for the cubic meters of air transported
through the system. This size contains statements on the design and implementation of the entire system in relation to the
energy efficiency of air handling (quality of ventilation system, duct cross-sections, molded parts, fittings, outlets, ...). For
ventilation systems, a limit of 0.45 W per m³ of air transported per hour is specified during certification by the PHI (Wh /
m³).

For the bathroom in Lünen, the data per ventilation unit were evaluated as monthly averages for February and June 2017.
Due to the humid outside air in the summer months, higher volume flows are generally required in the halls in summer to
ensure the maximum desired indoor air. Therefore, the electricity efficiency is better in winter than in summer with the
same system technology for indoor ventilation. The measurement data clearly reflect this. The measurement data for the
two months are listed in Tab. 3:

Tab. 3: Electricity efficiency for the 6 ventilation systems in the Lippe bath in two sample months
Electricity
ventilation

Electricity

changing rooms

ventilation hall 1

Electricity

+ 2 (without

Electricity

Power

Electricity

efficiency

electricity

ventilation

ventilation

ventilation

[Wh / m³]

Heat p.)

hall 3

hall 4

hall 5

(incl.
support valve

lators)

Electricity
ventilation

Mean
(volume
current

adjoining
rooms

weighted)

Feb. 2017

0.31

0.35

0.39

0.34

0.64

0.39

0.39

June 2017

0.53

0.48

0.52

0.43

0.62

0.37

0.49

In February 2017, the evaluation showed good results with regard to the electricity efficiency of the hall ventilation with
values between 0.31 and 0.39 Wh / m³. The air from the changing rooms is actively blown into the showers with the help
of support fans via an additional heating element. This requires additional electricity, which worsens the specific value
(0.64 Wh / m³). The adjoining rooms again show good values (0.39 Wh / m³). Overall, there is a good result with an
average (volume flow weighted) of 0.39 Wh / m³, which is significantly below the PHI limit, even though the additional
support fans are taken into account. Devices of this size can also be clearly expected to fall below the limit.

In summer (June 2017) the picture of the specific measurement data changed. As expected, the values deteriorate due to
the higher air volumes for dehumidification. The limit value is exceeded in part for the indoor units. The values of the
locker room and secondary zones are almost unchanged, since the focus is not on the removal of evaporated water; the
air volumes conveyed are almost unchanged. The total mean value (volume flow weighted) for this summer month is 0.49
Wh / m³.

Overall, the electricity efficiency values would be significantly better if the circulating air were further reduced or
completely dispensed with (see also section 6.2.2).
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Lippe-Bad: building envelope

The basic building block of the passive house concept is a highly thermally insulated and airtight building envelope. It
protects the building structure, significantly reduces heat loss and is also a prerequisite for further efficiency measures in
the field of building technology. Further information on passive house building envelopes is available in the previously
published reports on the Lippe bath and the Bambados ([Schulz et al. 2009], [BGL 2011], [Peper / Grove-Smith 2013],
[Gollwitzer et al. 2015]).

In this report, two topics are taken up on the basis of examinations at the Lippe bath to check the quality after several
years of operation: airtightness and thermographic images of the building envelope.

4.1 Airtightness
The airtightness of an indoor pool is particularly important due to the increased indoor air humidity. The airtightness of the
Lippe bath was checked several times. The PHI already led on
August 12, 2011, before commissioning a first measurement (cf. [Peper / Grove-Smith 2013]). Leakages found were then
reworked. Improvements were made especially in the skylights in the changing room area and in the connection of the
ceiling area to the old building in Hall 5. A special feature of the bathroom is the connection of an old building (former
heating plant) with the new building. Adjacent to the old component now integrated in the bathroom, there are rooms that
do not belong to the bathroom and will later be used as offices.

On May 4, 2016, the PHI again carried out a leak search at negative pressure. No conspicuous areas were located in the
building envelope. A leakage volume flow of 10,511 m³ / h was measured at negative pressure, which 50- Value of 0.45 h 1 corresponds.
During a measurement carried out by Klimawerkstatt GmbH (Lünen) on August 15 and 16, 2016, protective pressure was
temporarily generated in the old building area adjacent to Hall 5. The leakage flow is thus reduced by the leaks from the
area not adjacent to the outside air. In the case of heating the old building area, these are only of minor importance from
an energetic point of view, since the temperature difference in winter is less than to the outside air. This resulted in an n 50- Value
of 0.35 h 1 with protective pressure and a measured value of 0.39h 1 without protective pressure. The leakage to the old
building is therefore around 900 m³ / h at a pressure difference of 50 Pa even after the connections in the roof area have
been improved. The total measured value for the building is therefore above the target value of n 50 = 0.2 h 1.
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Fig. 22: Blower door installed in the outer door of the delivery area during the vacuum measurement
Leak detection on May 4th, 2016.

4.2 Thermographic examination
To check the building envelope of the indoor pool, the inside and outside facade was viewed on January 12, 2017 with a
thermography camera. The weather conditions were well suited with outside temperatures around + 4 ° C. Due to the
internal temperature around or above 30 ° C, there is a meaningful temperature difference of about 26 K for the
dominating hall areas. An overview of the outside temperature before and during the examination is shown in Fig. 23.

Fig. 23: Outside temperature curve before and during the thermographic examination
the building shell of the Lippe bath on January 12, 2017.
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Outdoor thermography
The thermographic examination of the building envelope from the outside showed a homogeneous picture of the
insulation qualities. Typically, the window frames are warmer from the outside than the opaque wall surfaces, i.e. less
insulated. A physical effect is that the glazing is warmer at the top than at the bottom. The reason for this is the hot air
roller in the spaces between the panes. With the emergency exit doors of the halls (e.g. Fig. 25 right) it can be seen that
the thermal quality and airtightness are not optimal. These individual, specific weak points have been known since the
construction period.

The fact that the surface temperatures are higher in the sometimes pronounced window reveals and under the roof
overhangs is due to the shading from the cold sky. As a general rule, the surface temperatures of the glazing cannot be
assessed directly with the color temperature scales of the pictures due to the different emissivities of the standard wall
surfaces. This generally applies to indoor and outdoor thermography.

Fig. 24: Left: west facade of Hall 1 + 2 with part of the entrance area.
Right: Detail of the lower part of the right window from the left picture

Fig. 25: Left: South facade of Hall 1 + 2 with large glazing and the upper part of the outer door.
Right: Part of the south facade of Hall 3 and the west facade of Hall 5 above
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Fig. 26: Left: East facade of Hall 4 with windows and the changing area (without windows).
Right: North facade of Hall 4 with an outer door.

Fig. 27: Left: Sloping north facade (changing room).

Right: Detail of the sloping window niches on the north facade

Fig. 28: Left: Upper detail of the outer door in the south facade of Hall 1 + 2.
Right: Upper detail of the outer door in the south facade of Hall 3.

Internal thermography

Immediately after the external thermography, the inside of the building was examined thermographically. Overall, this also
shows a high, uniform surface temperature of the outer walls. This shows the consistently high insulation quality of the
external components. In particular due to the integration of the old component (Hall 5) into the new building and the
large-scale use
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The interior insulation (south and east walls of hall 5) successfully mastered various thermal challenges. The four
thermographs in Fig. 29 and Fig. 30 show good examples.

Fig. 29: Internal thermography with uniform and high surface temperatures.
Left: Roof-wall connection in Hall 5 (south wall with interior insulation).
Right: Roof glazing tape wall in Hall 4 (north). The red spots are lamps.

Fig. 30: Internal thermography with uniform and high surface temperatures. Even with high-quality
In contrast to triple glazing with thermally optimized spacers, the glass edge represents the thermally weakest area.
Left: wall and glazing of the east facade in hall 4
Right: Part of the north facade of Hall 4 with an outside door (with an illuminated emergency exit sign above it) and on the inside wall (on the left
in the picture) the supply air nozzles (above) and an exhaust air grille (below).

Some abnormalities or weaknesses were found during the investigation. The outside doors in the halls (emergency exit)
have already been described from the outside. Surface temperatures of below 16 ° C can be seen from the inside, which
confirms the observation from the outside. As an example, the outer door of Hall 1 + 2 is shown in two photographs in Fig.
31:
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Fig. 31: Top door (left) with emergency exit sign and bottom (right) in hall 1 + 2 (south facade).

In Hall 1 + 2, significantly lower temperature ranges were detected on the west facade at the roof-wall transition than at
the control connection (Fig. 32). Since the values were below the dew point temperature (this is around 22 ° C at 31 ° C
and 60% rh), the builder and operator of the bath were informed. This also applies to the area of the support in the
north-east corner of Hall 4 in Fig. 33. According to the operator, these two areas were examined more closely in the
revision that followed in summer 2017. There were no abnormalities such as material damage or even traces of
condensation on the surface. The areas should be monitored further in the future during the revisions. As the halls are
operated with a low vacuum (excess air), dry outside air is presumably entered here in winter due to residual leaks. This
leads to local cooling but no moisture damage. This assumption could only be clarified by a blower door measurement
with negative pressure and control of these areas.

Fig. 32: West facade of Hall 1 + 2 at the roof-wall connection (towards the parking lot) and below that
Daylight photo of the area.
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Fig. 33: North-east corner of Hall 4 in the area of the roof connection with local lower ones
Surface temperatures (detailed view in the right picture).

Fig. 34: Upper part of the west facade and a section of the south facade (left in the left picture) from Hall 5.
The red spots are lamps (see also the photo in the following figure).

Fig. 35: Left: Thermogram of the lower part of the south-west facade in Hall 5.
Right: Photograph of the west facade in Hall 5 with a small section of the south facade.
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The thermograms in Fig. 34 and Fig. 35 show parts of the west and south facades in Halle
5. It can be seen that the uniformly high surface temperature in the west facade is significantly reduced in places in a
horizontal band below the windows (up to 6 K). This is a thermal bridge through the roof connection of Hall 3 behind it.
The connection does not seem to be optimal. A very similar picture shows the area under the windows on the north wall of
Hall 5, also in the area of the roof connection (not shown). Likewise, the connection to the control room (old building area
behind the south facade) in the edge (south-west) is noticeably cooler in the lower area. Here too there are deviations
from a thermally closed insulation level. The other areas in Hall 5 show harmoniously high surface temperatures.
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5

Ventilation: guide

Proper ventilation in indoor pools plays a major role for health, building physics and energy reasons. The following chapter
explains basic relationships, tests and simulations are discussed and recommendations are made.

5.1 Guide to ventilation in the swimming pool
task
The ventilation of swimming pools has two main tasks: ensuring good air quality (hygienic ventilation for the removal of
disinfection by-products), as well as dehumidifying the indoor air. In order to keep the indoor air at a constant humidity, the
water, which evaporates continuously, must be constantly removed. In order to keep the energy losses through ventilation
low, ventilation units with highly efficient heat recovery are suitable. The supply air volume flow can be used to bring the
required heating energy into the hall. The previous additional task of ventilation, to keep the facade free of condensate by
blowing the glazing with dry air, is usually no longer required in the passive house due to the high thermal quality of
window frames, glazing and spacers.

In a climate like in Germany, this makes it possible to operate the ventilation units only with outside air. The usual
proportion of recirculated air according to VDI 2089 can be omitted or at least significantly reduced, which results in
significant electricity savings. The outside air volume flow is regulated according to the dehumidification requirement, but
should not fall below a minimum volume flow for hygienic ventilation (depending on the water quality 15% or 30% of the
nominal volume flow according to [VDI 2089]). The evaporation of the pool water can be reduced by various measures,
which reduces the required dehumidification performance of the ventilation. Efficient measures include higher air humidity
and low evaporation overflow channels, switching off unused attractions and switching off the overflow channel in idle
mode. (see also chapter 8.1)

Fig. 36 Comparison of the volume flow between ventilation according to VDI 2089 and the passive house concept.

(Monthly averages are shown)
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Hall conditions
Since the requirements for the hall conditions are sometimes contradictory (requirements for different users, for building
protection, for energy requirements), the target temperatures and humidities should be determined on a project-specific
basis. A wet bather prefers the highest possible relative humidity, while the staff feels more comfortable at lower humidity
levels. Therefore, a specially tempered swimming master's room should be included in the design. For reasons of building
protection, the relative humidity should no longer exceed 64% [Schulz et al. 2009].

Due to the different requirements, stratified ventilation is recommended, which is described in the next section. As a
guideline for planning, a humidity of around 55% in the pool area (1.5 m high) is suggested. The actual level of humidity
should then be tested and determined during operation. The more humid the air layer, which is directly above the water
surface, can be realized, the lower the evaporation of the pool water and the lower the energy costs.

When measuring moisture, it must be noted that even with high-quality sensors, the measurement inaccuracy is relatively
great and that the sensors often drift with time. This can easily lead to deviations of more than 10 percentage points. For
this reason, caution is advised when comparing humidity levels or when setting target values.

A passive house building envelope has the advantage of higher internal surface temperatures on all components, which
among other things leads to less temperature stratification in the room. This means that the air conditions in the passive
house are more homogeneous than with lower energy standards. Nevertheless, due to the air flow, for example, different
humidities will set in the room. Due to the measurement inaccuracies and the differences in humidity in the room, one
should not rely solely on regulations for building protection, but rather have regular building protection checks carried out
on statically relevant components.

Hall flow
In order to discharge the pollutants efficiently, a good air flow and flow through the hall is essential. It has been found that
so-called stratified ventilation has many advantages. A damp layer forms directly above the water, which results in less
evaporation. The air at 50 cm above the water level is already much drier (approx. 10% points), which in turn offers a
pleasant climate for the dry people in contact (staff). In addition, the building envelope is exposed to less moisture.

Stratified ventilation is achieved by extracting the exhaust air in the lower area of the hall. This not only has energetic
advantages but also effectively removes the pollutants that form on the water (see chapter 6.4 "Air routing in the
swimming pool"). The supply air can be introduced either on the facade, above the lounge area or on the ceiling. It is
important that the moist layer above the pool is not destroyed by the impulsive introduction of air. In addition, care must be
taken to ensure that no cold air flows into the hall from adjoining rooms, as this creates the moist, warm layer above the
pool
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would raise. Fig. 37 shows a graphic representation of the layer ventilation. In chap.
6.5 "Pollutant measurements (THM)" describes how shift ventilation in the family pool Niederheid was implemented.

Fig. 37: Air duct with suction close to the floor, which leads to an advantageous temperature and
Moisture stratification leads. Source: [Kaluza 2016].

Sewer network

The investment costs, space requirements and electricity costs are lower, the more compact the sewer network is. The
sewer network should be designed so that the pressure losses are as low as possible. Air speeds of less than 3 m / s are
recommended. It is even more important to choose components that are low in pressure loss when choosing the
components (e.g. increasing the duct cross-section for the outside air grille).

The ventilation unit should be installed as close as possible to the thermal envelope in order to be able to implement a
short ducting of the outside and exhaust air duct (between the ventilation unit and the thermal envelope). In any case,
these ducts must be completely, vapor diffusion-tight and well insulated (min. 10 cm), since high heat losses between the
interior and cold outside and exhaust air ducts significantly reduce the effective degree of heat provision of ventilation
units. If a longer supply and exhaust air duct cannot be avoided due to colder sub-zones, this should also be insulated.

The exhaust air can be extracted centrally via an exhaust air grille. Example family pool Niederheid (see 6.5 Pollutant
measurements (THM)): With a maximum volume flow of 30,000 m³ / h, an exhaust air grille of 2 mx 2 m is sufficient. A
draft can be felt at a distance of 50 cm in front of the grille, but no air movement is perceived even at a distance of one
meter. For this reason, the exhaust grille should not be in close proximity to benches or the like. be positioned unless the
cross-sectional areas are enlarged accordingly. As an alternative to a central exhaust air, the exhaust air can be extracted
along a wall. In both cases, it is crucial for stratified ventilation that the exhaust air openings are installed at the bottom of
the room. There are various options for introducing the supply air. It is important to pay attention to that the air flows
through the room even with a low supply air volume flow and that the moisture layer above the water surface is not
disturbed. (Different variants for supply and exhaust air routing were examined in a CFD simulation, see chapter 6.4.)
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If an intermittent ventilation operation (switching off the ventilation units during the night) is to be realized, motorized flaps
in the outdoor and exhaust air duct are recommended, ideally in the level of the thermal building envelope. This prevents
cold outside air from flowing into the ducts outside of usage times. It is helpful to take the adjustment procedure into
account when planning and to determine at which points in the ducts the volume flows should be measured. In line with
this, a set-up with the valves or the measuring points in the line with the respective standard volume flows (or average
volume flows) should be created for the adjustment.

Ventilation unit
The maximum volume flow of a hall ventilation unit is designed so that the room air can be dehumidified by the fresh air
even in summer under humid outside air conditions. The evaporation is calculated according to VDI 2089. This is based
on an assumption for the amount of evaporation depending on the type of pool (the so-called water transfer coefficient β).
It is recommended to consider a design with a lower design volume flow compared to the standard, because smaller
designs result in potential savings for investment costs. In addition, a reduced bandwidth of the volume flows to be
covered facilitates the selection of components (eg fans) for an overall efficient mode of operation of the ventilation units.
As a guideline for typical use (without attractions), the assumption of a water transfer coefficient of β = 20 m / h (formula
according to VDI 2089) is suitable, regardless of the depth of the pool (for derivation see chapter 6.1 "Design of swimming
pool ventilation units"). This enables the selection of smaller ventilation units (50-70% compared to conventional design).
Of course, the boundary conditions of the specific project must be taken into account, in particular the expected use.

Since the hall air contains a lot of energy due to high temperature and humidity, a high degree of heat recovery in the
system pays off twice. Both the sensitive and the latent energy can be partially recovered, thereby reducing the heating
requirement. Counterflow heat exchangers are suitable for this. The material of the heat exchanger must be suitable for
the swimming pool air (high humidity, chlorine). A degree of heat provision (dry) of ≥ 85% is recommended for the
swimming pools, with the mean expected outdoor air volume flows in the winter months. The efficiency should be checked
in the planning phase in consultation with the manufacturer for both full and minimal operation.

Since the volume flows fluctuate strongly during the day as well as during the year and the device is mostly operated in
part-load operation, when choosing the fans, attention should be paid to high efficiency even in part-load operation it may
make sense to use two fans in parallel instead of one. As a guideline, a maximum of 0.45 Wh / m³ of electricity is required
for passive houses.
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Another requirement for the ventilation unit is an automatic, internal balance adjustment for outside and exhaust air, so
that overpressure in the building is avoided to protect the building envelope. A slight negative pressure is fine. To reduce
the pressure loss, a single-stage filtering should be checked instead of a two-stage filtering. Here
is to
take into account that low pressure loss pocket filters may require a little more space. It is therefore important to check
and determine this early in the planning.
Whether it is advantageous to use an exhaust air heat pump must be checked on a project-specific basis, since heat
pumps often have to "compete" energetically with a combined heat and power plant or local heating network. If a heat
pump is used, it should be designed so that it can also be operated if the ventilation unit is only operated with a minimum
volume flow (partial load). The additional pressure losses of the register must be taken into account in any case.

regulation
The regulation of ventilation in swimming pools should allow a minimum volume flow for pollutant removal and also
increase the outside air volume flow depending on the dehumidification requirement. A circulating air flow can and should
be avoided. The measurements in the Bambados passive house indoor pool have shown that in practice no additional
circulating air was required to heat the halls. If the supply air is still not sufficient to bring in sufficient heating load,
recirculated air can be used temporarily (past the recuperator).

It is advisable to switch off the devices and monitor the hall humidity during idle mode. (see also 6.6 Programming
ventilation unit in swimming pool)

Fig. 38: Swimming pool ventilation in pure outside air mode, ie without recirculation (graphic © FlaktGroup

Germany GmbH)

The building technology is usually controlled using a building management system (BMS). For later control of the
operation, it makes sense if the various internal controllers (eg for heating or dehumidifying) are visible to the operator. In
this way, the operation can be checked and optimized more easily. (A controller is an internal variable; example: If the
formulas in the program calculate from the measured values that there is a need for dehumidification, the "Dehumidifier"
controller becomes active, which in turn leads to further actions in the control system, for example controlling the fan)
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Installation
The following points should be checked during commissioning:
·

Device in balance (outside and exhaust air) or slight negative pressure in the building

·

When operating without recirculated air: exhaust, supply, exhaust and outside air flaps fully open and recirculated air flaps completely closed?

·

No drafts and noises even at maximum volume flow?

·

Possibly. Fog test to check the air mixing?

·

The various regulations can of course be checked best if the corresponding situation is caused (e.g. strong
evaporation: then the ventilation unit should increase the volume flow for dehumidification).

The ventilation units are usually started up in one day. The regulation of the devices should be checked over a longer
period by evaluating the operating data. Different operating states can be checked in this way. An indoor pool is a
technically complex building. An operational optimization in the first year ensures that no investments have been made
unnecessarily, but that the desired performance of the building is achieved. The executing companies (ventilation
company, ventilation manufacturer) should be commissioned early on.

Optimization and management
The basic principle is transparent and verifiable management, as well as trained operations managers. If the controllers of
the ventilation programming (dehumidification, heating, possibly cooling) are simply displayed, you get an overview of the
time and duration of, for example, heating and dehumidification requirements. Deviations in operation can be easily
recognized only through a regular overview. It is also important to check the outside, supply and exhaust air volume flow
as a time diagram. If weekly courses are compared, changes are immediately noticeable. If the hall ventilation is operated
without recirculation, the three volume flows should generally be the same. It makes sense to check the damper positions
from time to time: exhaust, supply, exhaust and outside air dampers should be fully open while the ventilation units are in
operation,
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5.2 Guide ventilation sub zones
In addition to the swimming pool, indoor pools always have different sub-zones with different temperature and humidity
conditions: showers, changing rooms and technical rooms / cellars. In addition, there is often administration, foyer, sauna,
catering, spa, fitness, training rooms, server rooms, transformer, other electrical rooms. It is helpful already in the design
to clarify the requirements of the rooms and to group them into zones accordingly. A thermal separation should be
implemented between zones that have a large difference in air temperature. The following factors should be taken into
account when choosing the ventilation zones: target temperature, maximum temperatures, dehumidification requirements,
times of use and fluctuations in use. It has to be determined which rooms are supplied by one ventilation unit and how
many ventilation units are planned in total. It is easiest if the temperature and ventilation zones coincide. If many small
ventilation units are planned, it is best to regulate according to the actual need. However, a practicable middle course
should be chosen and areas should be summarized. For energy and comfort reasons, ventilation should be carried out as
required, but at the same time the investment costs should be low and the regulation should be kept simple. For individual
rooms or small zones that differ very much from the rest in terms of use, it is worth checking whether a small decentralized
device can be used. The basic task of ventilation is to ensure a hygienic air change.

The following goals should be pursued during implementation: Low pressure loss duct network, efficient fans, good degree
of heat supply, demand-based control of the volume flow.
Volume flows tailored to your needs

There are various requirements in standards and regulations for the volume flow rates. The worst case flow is always
given. The basic and very important instrument of the passive house concept is to realize a volume flow that is adapted to
the needs. This enabled the energy costs for ventilation in the passive house bathroom in Bambados to be reduced by
50%. In addition to saving electricity, ventilation heat losses and thus heating energy consumption decrease.

Step one of a need-based regulation is to only let the device run at times of use. A rinse time and in any case a pre-rinse
time should be scheduled before the start of operations. The air is exchanged during the pre-purge time so that good air
quality can be guaranteed right at the start of the room. A simple air change seems suitable as a pre-purge. Step two of a
needs-based regulation is the adjustment of the volume flow to the current, actual use of the zone. Depending on the type
of use, moisture sensors, CO are suitable 2nd - Sensors or presence detectors.

Showers and changing rooms

A directed overflow from the changing rooms to the showers is recommended. This means that the air can be used
"twice", so that overall lower total volume flows and smaller ventilation units are required.

30th

Passive house concept for indoor pools

5.2 Guide ventilation sub zones

Showers and changing rooms can be supplied by a ventilation unit. The supply air is led into the changing rooms and from
there flows into the showers. In addition to a change of basic air, the volume flow is regulated depending on the humidity
during use: If there is a greater need for dehumidification in the showers, the total volume flow of the device is increased.
At night the device is switched off and there is a safety circuit if it gets too wet in the showers.

Technical cellar

It is important that the technical cellar is also supplied with fresh air, since it is used there every day. The ventilation also
serves to remove any moisture. Since heat is given off to the surrounding space even with efficient ventilation and
swimming pool technology, ventilation with heat recovery is a matter of course, as in the rest of the indoor pool. It is
important to consider whether the equipment room is ventilated by its own ventilation unit or, for example, by the
ventilation unit for the changing rooms. In order to keep ventilation heat losses low, the air exchange should not be
designed to be unnecessarily high.

Ventilation units
The basic principles that are listed in Chapter 5.1 Ventilation guidelines in the swimming pool also apply to the ventilation
units in the secondary zones.
Sewer network

The basic principles that are listed in chapter 5.1 Ventilation guidelines in the swimming pool also apply to the duct
network of the secondary zones.
During the planning phase, it should already be determined which strings can be measured at which positions for the
adjustment. If volume flow controllers are planned in order to be able to regulate individual areas individually, the savings
made by the regulation should be weighed against the additional consumption due to additional pressure losses.

regulation
Important principle: keep the rules as simple as possible! Even if the technology offers many possibilities, control concepts
must be created, programming carried out and checked. Planning is most effective when the later operator / manager can
be involved. If he knows the planned regulations, he can check, handle and optimize them better during operation.

In some cooler areas, night ventilation may be necessary to cool down. It is important that this is used in a targeted
manner, since the majority of the building requires heating throughout the year. Night ventilation can be done passively by
ventilation through windows or via the ventilation unit with summer bypass. The passive ventilation strategy has the
advantage that no additional heat loads are introduced, in contrast to ventilation with fans. External sun protection is
recommended in these areas as it reduces solar gains.
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Ventilation: selected questions

6.1 Design of swimming pool ventilation units
The hall ventilation units are designed in accordance with VDI 2089 with a reference outside air humidity of 9 g / kg and a
defined evaporation rate depending on the type of pool. The actual outside air volume flow in use is then regulated
according to the dehumidification requirement and it can be seen that the ventilation units are mostly operated with
significantly lower outside air volume flows. The peak values are only occasionally reached in summer with high outside
air humidity and high evaporation rates. This raises the question of whether it is possible to design the ventilation units a
little smaller and what effect this would have on summer indoor air humidity. A smaller design results in savings potential
for the investment costs. In addition, a reduced bandwidth of the volume flows to be covered facilitates the selection of
components (e.g. Fans). For an overall efficient operation of the ventilation units, it is important that the units work
efficiently both at full and at part load.

Data analysis Lippe-Bad
According to the evaluation of the measured weather station data on the Lippe-Bad in Lünen from 2016 and 2017, the
hourly average outside air humidity exceeds approx. 20% per year the limit of 9 g / kg specified by VDI 2089 (Fig. 39).
These exceedances fall partly in the summer break or in the revision period of the Lippe bath in July / August. Relative to
the time outside the revision time, the excess is approx. 15% of the operating hours of the bath. Peak values above 12 g /
kg to a maximum of 15 g / kg only occur in the months of May-September.

Fig. 39: Measured hourly average outside air humidity in Lünen in the course of 2016 and 2017. The VDI
Humidity limit of 9 g / kg is exceeded 20% of the hours per year, but mainly during the summer break of the Lippe bath.
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Fig. 40 shows the recorded volume flows of swimming pool 1 + 2 over the course of the year for 2016 and 2017 (excluding
revision times). The average, as well as various quantiles as an indicator for the variations are shown per month.
According to VDI 2089, for the design of any pool with a depth of ≤ 1.35 m, usually an increased water transfer coefficient
for evaporation (β b = 40 m / h) can be used. In the Lippe-Bad, however, the regular transition coefficient for sports pools (β b
=

28 m / h). As can be seen in Fig. 40, the outside air volume flow in the winter months - in spite of the reduced dimensions

compared to VDI - is only around 25% of the design value and mainly varies between 22% -31%. In summer, the average
is around 60% of the design volume flow, as expected, significantly higher and the variation is stronger (36-92% of the
design). These trends can also be observed on a similar scale with the ventilation devices of the sports swimming pools
(Hall 4 & Hall 5). The ventilation device for the teaching pool (hall

3) runs all year round with very low volume flows, on average around 10% -30% of the design value. In this case, lower
temperature setpoints were set during operation (air and water temperature each 2 K colder than planned), which leads to
a lower evaporation than was assumed for the original design. In this case, however, the data could not be finally
evaluated due to incorrect measurement of the volume flow.

Fig. 40: Measured outside air volume flows in Hall 1 + 2 in the course of 2016 & 2017 as percentages
Information regarding the maximum volume flow. Above: With the design based on β = 28 m / h. Below: When designed
strictly according to VDI for flat pools with β = 40 m / h. The boxplots show the monthly averages, top and bottom quartile
and extreme values (2.5 and 97.5% quantile). (ie 50% of the measurement data for a month are within the rectangle).

Passive house concept for indoor pools

33

6.1 Design of swimming pool ventilation units

The data evaluation confirms the expected correlation between outside air humidity and outside air volume flow of the hall ventilation, see Fig. 41 and Fig. 42.
Scattering is to be expected due to the different pool uses and the resulting evaporation rates. The graphics for all halls show that the maximum outside air
volume flows from approx. 7-11 g / kg outside air humidity are reached during opening hours. From 9-12 g / kg outside humidity, an increase in the room air
humidity (mean value of the calibrated sensors in the room) can be seen; an indication that the outside air volume flow is not sufficient to dehumidify to the
setpoint at the given time. This situation only occurs in summer (with high outside air humidity), ie A briefly designed ventilation unit can lead to temporary
comfort restrictions, but does not pose a physical or health risk. Temporary exceedances are also permissible according to VDI 2089. Even with peak moisture
levels above 14 g / kg, the reference humidity in the halls rises to an acceptable maximum of 60% in halls 1 + 2 and 65% in halls 4 and 5 Setpoint room air
humidity set. The devices all run with very low outside air volume flows and a slight increase is only noticeable from approx. 10 g / kg in order to be able to
meet the night setpoint. Even with peak moisture levels above 14 g / kg, the reference humidity in the halls rises to an acceptable maximum of 60% in halls 1 +
2 and 65% in halls 4 and 5 Setpoint room air humidity set. The devices all run with very low outside air volume flows and a slight increase is only noticeable
from approx. 10 g / kg in order to be able to meet the night setpoint. Even with peak moisture levels above 14 g / kg, the reference humidity in the halls rises to
an acceptable maximum of 60% in halls 1 + 2 and 65% in halls 4 and 5 Setpoint room air humidity set. The devices all run with very low outside air volume
flows and a slight increase is only noticeable from approx. 10 g / kg in order to be able to meet the night setpoint.

From the specific volume flows per m² pool area of the respective pool, it is immediately apparent that the moisture load
(evaporation) in Hall 1 + 2 is higher than in Hall 4 and 5. In Hall 1 + 2, the maximum volume flow for dehumidification is
just over 80 m³ / h per m², in Hall 4 and Hall 5 at approx. 50 m³ / (hm²). Due to the different setpoints of the water and hall
temperatures, different evaporation rates can be expected physically (see also chapter 8.4 "Evaporation"). The procedure
according to VDI 2089 for the design of the respective ventilation units adequately reflects this.

Fig. 43 shows the results of a similar evaluation for data from selected pools in the Bambados indoor pool. The data
confirm the tendencies that were also measured in the Lippe bath: Here, too, the setpoint values for moisture are well
adhered to, and a rise in moisture in the halls during opening hours (when the maximum volume flow is reached) is only
from around 10 g / kg evident. At night, higher setpoints for the humidity are set. In this case, the devices are regulated
differently than in the Lippe bath: Instead of continuous operation with a low volume flow, the devices are temporarily
switched off completely. The design volume flow (maximum) for the sports pool is, with approx. 60 m³ / (m²a), in the
Bambados in a similar order of magnitude as in the Lippe bath, while the ventilation devices with approx. 90 m³ / (hm²) are
larger for the training pools . In the case of the leisure area in the Bambados (Fig. 44), the ventilation units seem to be too
large for regular operation: With the minimum volume flow in the range of 20-30 m³ / (m²h), dehumidification is sometimes
below 40% to very low room humidities. The maximum is approx. 170 m³ / (hm²). In this case, the design was based on
the following water transfer coefficients: β b = 70 m / h for the leisure pool including attractions, additional β b = 50 m / h for the
flow channel and β b = 40 m / h for the parent-child pool.

34

Passive house concept for indoor pools

6.1 Design of swimming pool ventilation units

Hall 1 + 2, Lippe-Bad

Hall 3, Lippe-Bad

Fig. 41: The measured hourly average outside air volume flows (orange) and relative
Indoor air humidity (blue) depending on the absolute outdoor air humidity during opening times (left) and at night (right)
for halls 1 + 2 (top) and 3 (bottom, only relative humidity). 2016 data, excluding the summer revision period.
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Hall 4, Lippe-Bad

Hall 5, Lippe-Bad

Fig. 42: The measured hourly average outside air volume flows (orange) and relative
Indoor air humidity (blue) depending on the absolute outdoor air humidity during opening times (left) and at night (right) for
Hall 4 (top) and 5 (bottom). 2016 data, excluding the summer revision period.
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Educational pools, bambados

Sports pool, bambados

Fig. 43: Bambados in Bamberg: The measured hourly average outside air volume flows (orange) and
relative indoor air humidity (blue) depending on the absolute outdoor air humidity during the opening hours (left) and at
night (right) for the teaching pools (above) and the sports pools (below). Dates from May 2014-April 2015, excluding the
summer revision period.
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Leisure pools, bambados

Fig. 44: Bambados in Bamberg: The measured hourly average outside air volume flows (orange) and
relative room air humidity (blue) depending on the absolute outside air humidity during the opening hours (left) and at
night (right) for the leisure time area. Dates from May 2014-April 2015, excluding the summer revision period. (Note: The
axis for the volume flow is adjusted in this case and twice as high as in the previous graphics)

Under the simplified assumption of constant evaporation rates, the measurement data can be used to estimate how a
reduction in the maximum outside air volume flow would affect the room air humidity. In the Lippe bath, a smaller design to
approx. 70% with β = 20 m / h (compared to the realized design with β = 28 m / h) would have been possible without the
risk of a significant increase in moisture. Example results of these theoretical considerations for Hall 1 + 2 are shown in
Fig. 45, with a corresponding reduction in the volume flow to a design with β = 20 m / h.
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Fig. 45: The measured values of the volume flow and the room conditions in Hall 1 + 2, as well as one
Estimation of the influence on the room conditions with a limited maximum volume flow.

recommendations

Derived from the data evaluation of the Lippe bath, the assumption of a water transfer coefficient of β = 20 m / h is suitable
as a guideline for the methodology according to VDI 2089 for the design of ventilation devices for swimming pools. This
usually leads to smaller sizes compared to the conventional design according to VDI: approx. 70% at a water depth> 1.35
m (β = 28 m / h according to VDI) and approx. 50% for shallower pools (β = 40 m / h according to VDI). Especially for the
shallow warm pool (Hall 1 + 2), no significantly higher evaporation was found in the Lippe bath and it is recommended to
consider a design with a lower design volume flow compared to the VDI 2089 guidelines for this type of pool. As the
measurement data show, the choice of a smaller device (designed with β = 28 m / h compared to β = 40 m / h) has proven
itself in operation in the Lippe bath.

For the transferability of the results from the Lippe bath to other projects, the boundary conditions must be taken into
account in individual cases, in particular the air flow and the use of the bath. In the Lippe bath, the supply air was
introduced via long-throw nozzles and the exhaust air intake on the inside walls (medium room height) (see also [BGL
2011] p.59 ff. And [Peper / GroveSmith 2013]). The ventilation units were operated with a regular proportion of recirculated
air (see chapter

6.2.2). In the Bambados, on the other hand, the ventilation units were operated without recirculation (during the period
analyzed here). Depending on the volume flow (with or without circulating air) and the selected air routing (e.g. stratified
ventilation), the mixing of the air is different, which may also affect the need for dehumidification and thus the
dimensioning of the
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Ventilation devices can impact. Additional investigations in other baths would be interesting here.

If continuous operation in the indoor pool is to be expected even in summer with high outside air humidity, then an
increased air change for dehumidification must be ensured either via additional window openings or just by a
correspondingly large design of the ventilation unit. Alternatively, active dehumidification can be considered. The higher
the number of visitors to be expected or the maximum pool occupancy (e.g. large catchment area, many schools / clubs
with large swimming teams), the more buffers should be planned when designing the ventilation units. The expected
evaporation from attractions must be calculated in individual cases and taken into account when designing the ventilation
units. However, care should be taken

6.2 Lippe bath: Experiments for indoor ventilation
6.2.1 Experiments with changed indoor humidity
The setpoints for room temperature, room humidity and pool water are the decisive factors for the level of pool water
evaporation. With increased indoor air humidity, the vapor pressure difference between water and air and thus the amount
of evaporation decreases (see Fig. 46). The level of evaporation has a significant impact on various areas: energy,
comfort and, last but not least, air quality. On the one hand, it is crucial for the selection of ventilation units, since they
must be dimensioned large enough to be able to dehumidify sufficiently under peak loads (see chapter 6.1). On the other
hand, an estimate of the average evaporation rate is crucial for a reliable forecast of the mode of operation and energy
requirements (see also 8.4).
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Fig. 46: Influence of air humidity on the expected average evaporation per m² pool area
different combinations of water and air temperatures calculated according to VDI 2089 (ß = 14 m / h).

Already during the first monitoring phase in the Lippe bath (see [Peper / Grove-Smith 2013]), tests were carried out to
check the influence of the set target moisture on the evaporation quantity using measured data. In the context of the
present project, further experiments were carried out to better understand the correlations between indoor air humidity,
evaporation and heating energy consumption.

The same methodology was used for the data evaluation as described in [Peper / Grove-Smith 2013]. Since a direct
measurement of evaporation from the pool water is not possible, an estimate is made by evaluating the measurement
data of the hall ventilation units: the hourly dehumidification performance can be calculated from volume flow, temperature
and humidity data. The results of the dehumidification performance are only suitable as an orientation of the order of
magnitude and tendencies for evaporation on the pool water surface, because they include secondary effects such as
water discharge from the bathers and evaporation on the skin, infiltration and air changes to secondary zones etc. In
addition, the inevitable measurement inaccuracies of the numerous Sensors (volume flow,

The conditions of the indoor air are not the same everywhere. Depending on the air flow / flow, as well as convective and
radiation influences, different temperature and humidity layers can occur. The conditions measured in the exhaust air are
normally used as a control sensor. As can be seen in Tab. 4, these conditions sometimes deviate significantly from the
reference values, which were determined from several room sensors that were installed and calibrated for monitoring. In
long-term operation, the ventilation systems were set to the recommended target values of 55% during the day and 64%
at night (control via exhaust air sensor), which in practice, however, led to lower values in the indoor air. The target values
were gradually adjusted,
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Tab. 4: Overview of the test series for increasing the indoor air humidity in the Lippe bath.

The measured changes are strongest in Hall 1 + 2 (from 43% in the initial case before the test series to 55% mean indoor
air humidity) , therefore, in this example, the out effects most clearly. The tendencies to be expected are confirmed: with increased indoor air humidity, the dehumidification
requirement decreases and accordingly the outside air volume flow (Fig. 47). This is also reflected in the reduced energy
consumption for the ventilation flow as well as for heating the pool water and the room heating (Fig. 48).

In the concrete example, an increase in the room air humidity during the day from 43% to 49% (setpoint throughout the
night 55%) saves 17 kWh / day of electricity for ventilation (without heat pump) and 13 kWh / day of heating energy for the
pool water. The heating energy consumption for the indoor air (including the heat pump) drops by 43 kWh / day. The
further increase in room humidity to 54% leads to a further 5 kWh / day of electricity savings, heat consumption reduced
by 30 kWh / day for pool water heating and 27 kWh / day heat consumption for room heating. When comparing operation
with consistently increased humidity (December 12 - 30, 2016) compared to the initial case (November 2016), the
following savings are achieved: The power consumption of the ventilation system (without HP) drops by 18%, the heating
energy consumption for the pool water by 7% , as well as for space heating by 20%. However, these savings cannot
simply be generalized or extrapolated, because other boundary conditions play an important role in energy consumption
(Fig. 49). A higher pool occupancy leads, for example, to increased evaporation (recognizable from January 2017) and, at
the same time, to higher heat sources in the water, while the heating energy consumption is inevitably higher due to the
colder outside air conditions.
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Fig. 47: Measurement data evaluation over two months in winter 2016/17 when the room humidity changes
(above) in swimming pool 1 + 2. At higher humidity, as expected, the dehumidification requirement (in the middle) and
correspondingly the outside air volume flow (below) decrease due to reduced evaporation.
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Fig. 48: Measurement data evaluation of the energy impact in test series with changed indoor air
humidity over two months in winter 2016/17 (see Fig. 47). With increased humidity, the power consumption of the ventilation (above),
as well as the heating output for the pool water (in the middle) and the room heating (below) decrease.
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Fig. 49: Boundary conditions during the test series with changed room air humidity (see Fig. 47 and
Fig. 48): Pool occupancy (top), temperatures (center) and outside air conditions (bottom).

A representation of the calculated hourly dehumidification performance depending on the relative room humidity for the
entire period 2016 and 2017 (without summer break) is shown in Fig. 50. This only takes into account the times in which
the room humidity remains unchanged compared to the previous hour (no humidification or drying in the room), since only
in this case can the dehumidification performance be used as an indicator of evaporation via the ventilation system (see
also [Peper / Grove-Smith 2013], p.100).
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Fig. 50: The calculated hourly dehumidification performance via the ventilation system with different
Indoor air humidity in Hall 1 + 2 based on the measurement data from 2016 & 2017. The spread is due in particular
to the different use / occupancy.

Similar trends can be seen in the other halls, but the savings are less clear. This is partly due to the fact that the
ventilation units are already running at the minimum volume flow and that an increase in the setpoint means that the
outside air volume flow cannot be reduced further. This means that there is no permanent increase in indoor air humidity
and the electricity and heating consumption remain relatively constant. The savings would only become noticeable in the
summer months, because with higher outside air humidity a higher air exchange is required for the same dehumidification
performance.

Fig. 51 shows that the ventilation units use significantly more electricity in summer than in winter. The supply air volume
flow is relatively constant, which is why the change arises solely from the increased proportion of outside air: a larger
volume flow is transported, which additionally increases the pressure losses via heat exchangers, filters, outside and
exhaust air ducts, grilles, etc.
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By reducing the proportion of outside air due to reduced evaporation, there is also potential for savings in the electricity
consumption of the ventilation units.

Fig. 51: Daily power consumption of the hall ventilation units in the course of 2016 & 2017. Through the
higher outside air volume flow increases the electricity consumption in summer.

Conclusion: Effect of increased indoor humidity
The target values in the Lippe bathroom have not been finally optimized, as the gradual increase in hall humidity has been partially reversed. This was done
partly for reasons of comfort and partly when replacing defective sensors and restarting the systems. The sudden setpoint changes (increase in humidity) of
the test series listed here were reported as unpleasant by the staff and the bathers. However, there is no reason to assume that the recommended higher
humidity setpoints (55-60%) generally lead to an uncomfortable feeling of space. The Lippe bath was already operated with increased humidity over a longer
period of time without any problems in the initial phase, and increases in humidity due to sensor errors were only noticed after a long time. Apparently, many
different factors and psychological factors play a role in the sensation of moisture. In Bambados, higher humidity setpoints are easily achieved. It is
recommended to calibrate the control sensors so that the setpoint values correspond as closely as possible to the values achieved in the hall and the staff
have a correct impression of the room conditions. If necessary, it makes sense to place an additional (mobile) sensor in the room for easy control of the
conditions by the staff. So that the setpoint values correspond as closely as possible to the values achieved in the hall and the staff have a correct
impression of the room conditions. If necessary, it makes sense to place an additional (mobile) sensor in the room for easy control of the conditions by the
staff. So that the setpoint values correspond as closely as possible to the values achieved in the hall and the staff have a correct impression of the room
conditions. If necessary, it makes sense to place an additional (mobile) sensor in the room for easy control of the conditions by the staff.
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A general quantitative derivation of the energy-saving potential by adapting the room air humidity is difficult because of the
numerous influencing factors (e.g. visitor numbers and type of pool use, target temperatures, air flow in the hall, weather
conditions). Lower evaporation quantities are energetically advantageous in any case, whereby the focus should be on
ensuring comfort and component protection when increasing the humidity. The humidity can be increased, especially at
night when comfort is not required. A high relative humidity near the water surface is desirable, which can be achieved, for
example, through stratified ventilation (see Chapter 5.1).

6.2.2 Attempt to reduce the circulating air volume flow
As in Chap. 5.1 described, it is energetically advantageous if an indoor pool is operated without or at least with a reduced
proportion of circulating air. A high-quality passive house building envelope was created in the Lippe bathroom, so that no
recirculated air is needed to blow on the facade. Under these conditions, the recirculated air was reduced in tests to
reduce the power requirements of the ventilation units. The different test series are listed in the following table. The
reduction in circulating air has a direct impact on the electricity consumption of the ventilation units. This is confirmed by
the fact that the changed operating modes during the test are clearly recognizable in the course of the electricity
consumption (see Fig. 52).

Tab. 5: Attempts to reduce air circulation; the percentages relate to the supply air volume flow
compared to normal operation in the Lippe bath. (Note: Experiment 2 was a brief change in operation for THM
measurement.)
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Fig. 52: By reducing the circulating air, the power consumption of the ventilation units is significantly reduced.

The arrows mark the times of the attempts.

For the tests, the total volume flow was reduced and at the same time some of the supply air valves were closed in order
to introduce the supply air into the room with the same impulse. However, due to complaints from visitors about “stale” air,
experiments 1 and 3 were ended. Different air qualities were also noted in the THM measurements (test 2) (see chapter
6.5), whereby even the higher values can still be rated as good air quality.

In principle, various factors can play a role in changing the indoor air:

·

Height of the outside air volume flow

·

Level of emissions from water (depending on water pollution and evaporation level)

·

Change of flow in the hall

The outside air volume flow has not changed in three halls, only in halls 1 + 2 it decreased by approx. 30%. Within the
scope of the measurement inaccuracy, the THM values in the water remained about the same, with the exception of Hall
5. There the value is 28% higher than at the reference time before the test. The activity in the basin, which affects
evaporation and thus the discharge of pollutants, remained similar or even decreased. An exception to this was noted in
Hall 3, in which the pool was unused during the reference period (before the test). The
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As expected, boundary conditions at the different test times are not static. However, the authors consider these influences
to be rather minor. It is assumed that the hall flow has changed. For this reason, when planning future bathrooms, it is
important to focus even more on flushing the room even at low volume flows in order to enable a reduction in the
circulating air (recommendations see section 5.1).

According to the current status in the Lippe-Bad, the potential savings from air recirculation cannot be implemented
permanently. Water quality may also play a role here (higher THM values in the water compared to the other two
measured baths, see Section 6.5).
However, it is worth mentioning that Hall 1 + 2 in Lippe-Bad was able to operate with reduced circulating air volume flow
for several months in 2012/2013. The passive house indoor swimming pool Bambados has been operated successfully
without recirculated air since the regulation, ie there can only be ventilation with outside air in different halls with different
hall flow. In addition, other pools (e.g. family pool Niederheid, see chapter 6.5) are known in which the circulating air is
permanently reduced. Therefore, a reduction in the circulating air is still recommended as a measure to save electricity in
future bathrooms.

6.2.3 Electricity savings through reduced air circulation

The effects of the tests were analyzed using the measurement data. Operation with reduced air circulation in March 2016
was evaluated and shown in more detail for Hall 4 (see Fig. 53). The supply air volume flow was reduced from approx.
11,800 m³ / h to approx. 9,900 m³ / h. For this purpose, the fan output was reduced by 1,900 m³ / h and one of the 6 long
throw nozzles was closed. It can be seen that this small reduction in volume flow (only 16%) already results in a 34%
reduction in electricity consumption, ie the electricity saved is 39 kWh per day for ventilation unit 4.

The same test was carried out for the ventilation unit 5 with an additional stage:
·

The 13% reduction in the supply air results in a current reduction of 26% or 33 kWh per day for ventilation unit 5.

·

The 25% reduction in the supply air results in a power reduction of 47% or 92 kWh per day for ventilation unit 5.

These significant current reductions are based on the fact that the pressure loss (in the network and ventilation unit) is roughly
dependent on the volume flow in a third power.

During a test in January and during the THM measurement (see table 5), the supply air volume flow of all devices was
briefly reduced by approx. 50%. A rough evaluation based on daily values of the electricity meters shows a savings
potential of approx. 60 - 70% of the electricity consumption. Similar values for saving electricity could already be
determined in an attempt to reduce air circulation in Hall 1 + 2 from 2012/2013 [Peper / Grove-Smith 2013].
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