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Foreword CIB W062

At the International CIB W062 Symposium **Water Supply and Drainage for Buildings',
experts, scientific researchers and professionals from all over the world will gather to share
their knowledge on how to maintain necessary quality standards for drinking water and
sanitation in buildings, now and in the future.

Due to climate change, both the availability of sufficient water and the quality of drinking water
sources are under pressure on a global scale. The awareness of this results in more and more
initiatives in the field of alternative sources (rainwater and grey water) for drinking or other
water supply to sanitary appliances. In parallel, appliances in existing locations are being
replaced by water efficient versions. Experts however, encourage a holistic view of system
performance is undertaken so as to ensure that optimum conditions and sanitary and public
health expectations are met.

The 43' edition of the CIB WO062 symposium, held in the Dutch city of Haarlem from 23 to
25 August, will largely focus on complications in the provision of sanitary appliances and
systems.

Results will be presented of research into the transport of solid waste in unchanged and
modified systems when less flush water is used, and into the self-cleansing qualities of these
systems when water saving methods are employed yet further.

Additional concerns relate to the sizing of water pipeline installations. Current calculation
methods take little account of the consumptive behaviour of different groups of users, nor of
the rapid technological development of water saving sanitation and other water-using devices.
Existing calculation methods therefore result in over-sizing of water systems. Apart from a
deterioration of the water quality, this may have adverse effects on the sustainability and energy
efficiency of the water supply system. Research results from different countries will be
presented and suggestions for new calculation methods will be outlined and discussed.

CIB W062, which is the world’s most influential academic platform in the field, also present a
wide range of other topics on the global stage of sanitation.

The symposium papers are categorized under the following sessions:
A. Water supply hygiene security;
B. Water saving and sustainable use;
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C. Building water supply and drainage and intelligent systems;
D. Drainage sanitation and indoor environment pollution control.

In addition, the symposium will feature various poster presentations.
The organisation would like to thank all speakers and authors for their contributions to the
symposium.  We also thank the organising committee and the International Scientific

Committee for their advice.

We finally gratefully acknowledge all sponsor organisations and commercial businesses who
have made this symposium possible.

Professor Lynne Jack Walter van der Schee

Coordinator CIB W062 Organiser, on behalf of
TVVL Expert Group Sanitation
Techniques
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A0 - Using a stochastic demand model to design cold and
hot water installations inside buildings

Mirjam Blokker (1), Claudia Agudelo-Vera(2), Andreas Moerman (3)
1. mirjam.blokker@kwrwater.nl

2. claudia.agudelo-vera@kwrwater.nl

3. andreas.moerman@kwrwater.nl

(1, 2, 3) KWR Watercycle Research Institute, Nieuwegein, The Netherlands

Abstract

The design of a drinking water installation (DWI) requires selecting specific pipe lengths, pipe
diameters and pipe materials, and a water heater. This process heavily depends on expected
water use during the life time of the DWI. As future demand is typically unknown, and
limitations in comfort of water use is undesired, in the design stage often a large safety factor
is taken into account. The downside of this, is that the designed DWI is much larger than
needed, and this results into higher costs of installation, a potential negative effect on water
quality during operation, and higher energy (and potential environmental impact) costs for
water heating. A better prediction of water demand, with a smaller safety factor allows the
design of a better fit DWI. A stochastic demand model has the advantage of providing insight
into expected demand, including the uncertainty or variation in demand (Jack et al., 2017). In
this paper, the contribution of SIMDEUM is illustrated in three cases: (1) development and
validation of design rules based on SIMDEUM simulations, (2) evaluation of heating
efficiency for drinking water installation design of individual households and the use of
SIMDEUM to simulate peak energy demands for validation of future low-temperature district
heating solutions and (3) a study on the supply-demand balance of residential grey water and
rainwater systems to gain insight into the effect of dynamic patterns (using SIMDEUM) on
storage capacity and efficiency of these systems.

Keywords

SIMDEUM; cold and hot water, design rules, water (heat) demand, heating efficiency,
rainwater harvesting, grey water.
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1 Introduction

The design of a drinking water installation (DWI) requires selecting specific pipe lengths, pipe
diameters and pipe materials, and a water heater. The design is a trade-off between
requirements on energy and sustainability, water quality and comfort. The design process
heavily depends on expected water use during the life time of the DWI. As future demand is
typically unknown, and limitations in comfort of water use is undesired, in the design stage
often a large safety factor is taken into account. The downside of this, is that the designed DWI
is much larger than needed, and this results into higher costs of installation, a potential negative
effect on water quality during operation, and higher energy (and potential environmental
impact) costs for water heating. A better prediction of water demand, with a smaller safety
factor allows for the design of a better fit DWI. A stochastic demand model has the advantage
of providing insight into expected demand, including the uncertainty or variation in demand.

The stochastic drinking water demand model SIMDEUM was developed for residential and
non-residential buildings (Section 2). It has been applied to develop design parameters for
Dutch apartment buildings, hotels, offices and nursing homes. The SIMDEUM based design
parameters were verified by extensive measurements. This is further described in Section 3.
SIMDEUM was then extended to also calculate the energy needed for heating the water
(SIMDEUM HW), depending on the water use, the type of water heater, the energy losses and
potential heat recovery. This is further described in Section 4. SIMDEUM was also extended
to calculate the discharged wastewater, and its nutrient load and thermal energy (SIMDEUM
WW). This tool was used to balance supply and demand of grey water, as further described in
Section 0.

2 SIMDEUM explained

SIMDEUM® is a model that supports this understanding. SIMDEUM stands for "SIMulation
of water Demand, an End-Use Model." It is a stochastic model based on statistical information
of end uses, including statistical data on water appliances and users (Blokker et al., 2010Db).
SIMDEUM’s philosophy is that people’s behaviour regarding water use is modelled, taking
into account the differences in installation and water-using appliances. This means that in each
building, whether it is residential, like a house, or non-residential, like an office, hotel or
nursing home, the characteristics of the present water-using appliances and taps are considered
as well as the water-using behaviour of the present users. For each person, his presence is
modelled and when he uses water and for which reason. The characteristics of each appliance
are defined, like the flow rate, duration of use, frequency of use and the desired temperature.
The duration and frequency may vary depending on the users: a teenager showers more
frequently and longer than an elderly person. Moreover, the duration, frequency and the desired
temperature of an appliance depends on the type of appliance (e.g. particular type of washing
machine) and the particular application. For example, a kitchen tap can be used for filling a
glass (15 s, 0.167 I/s, 10°C) or for washing dishes (45 s, 0.25 I/s, 55°C). SIMDEUM calculates
for each appliance at what time it is used, by whom and for which purpose. This results in a
demand pattern for cold and hot water at each appliance. By the addition of the demand patterns
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of all appliances, the demand pattern of a house, apartment building, office, hotel or nursing
home is obtained. The characteristics of the users and the appliances are different for each type
of building and are extensively described in Blokker et al. (2010b), Blokker et al. (2011).
Measurements of cold and hot water patterns on a per second base in different types of
buildings show that SIMDEUM renders a reliable prediction of both cold and hot water demand
(Pieterse-Quirijns et al., 2013).

SIMDEUM’s basis gives insight in the reason for which the water is used and at what
temperature this water needs to be. Therefore, it also provides information of the wastewater
quantity, temperature and quality that will leave the building through the sewage system (e.g.
shower water at 35°C with soap residue, or toilet water at 15°C with medicines, hormones and
nitrates).

3 Case I: Design rules for cold and hot water in residential and non-
residential buildings

3.1 Intro

In general, pipe diameters and water heating systems in buildings are oversized to guarantee a
high expected water demand and to meet the desired comfort wish (Pieterse-Quirijns et al.,
2013). Badly designed systems can cause stagnant water with health risks, and are less energy
efficient and therefore more expensive to operate. The main reason for the bad designs are the
outdated guidelines with extra safety factors to warrantee no lack of comfort, that generally
overestimate the peak demand values required for design and that do not give any insight into
the hot water demand.

3.2 Method

SIMDEUM was originally developed for an accurate prediction of the maximum drinking
water demand and hot water demand (Blokker et al., 2017). These parameters can then be used
in the design of drinking water distribution systems (Vreeburg et al., 2009, Blokker et al.,
2010a) and (domestic and non-domestic) drinking water installations (DWIs). This application
requires a small temporal scale; the maximum flow per minute can be 80 % of the maximum
flow per second for a demand of 100 homes. SIMDEUM has been used for the design of the
DWiIs in apartment buildings and non-domestic buildings (Pieterse-Quirijns et al., 2014,
Pieterse-Quirijns and Van der Schee, 2010, Pieterse-Quirijns et al., 2013).

13



CIBW062 Symposium 2017

(b) 1L = meting
)‘A\‘ = = = simulatie
5

<,
E
§
g 5 v
g \
= ] ‘
= 77 \
> [/
[/
1 1
I’
¥ \\
0
0 6 12 18 24
tijd [h]
0.8 13
n — meting
07 (a) : 1 == simulatie ||

i
0.6 l 1YL l
o, 1 -‘
05 \

. 7\

0.3
0.2 W
/
0.1
4
\
0 ~

0 6 12 18 24
tijdl [h]

volumestroom [m3/h]

——

Figure 1 Measured (--) and simulated (- -) demand patterns (y-axis; flow) based on 30-

50 measurement days for two different offices (a and b, with resp. 250 and 2000
employees), shown using a 10-minute interval.

The following steps were taken:

1.

2.
3.

o

The input parameters for SIMDEUM for apartment buildings, offices, hotels and nursing
homes were defined.

A SIMDEUM simulation was done for various sizes.

Characteristics values for maximum demand of hot and cold water, and hot water demand
for various time intervals were extracted.

A (linear) curve was fitted on the characteristic values depending on the size of the building.
Measurements were done in buildings of each type, with different sizes. One type of
measurements consisted of measuring cold and hot water use in two buildings of each type
in order to validate the simulation results (step 3; Figure 1). Another type of measurements
consisted of taking a survey to validate the input parameters (step 1).

The results from step 4 were put into design rules.
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7.

8.

The design rules (step 6) were applied to some example buildings, and were compared with
the actual design.
The design rules were included in the revised version of the design guidelines.

3.3 Results and discussion

The results for the various steps are as follows:

1.

no

For households, and thus for apartment buildings the input parameters were obtainable
(Blokker et al., 2010b). For the non-domestic buildings, input parameters are more difficult
to obtain (Blokker et al., 2011). The important parameters determining the size of a building
are number of apartments, number of employees, number of hotel rooms and number of
residents, respectively (Pieterse-Quirijns and VVan der Schee, 2010).

The results are a set of random diurnal demand patterns.

The characteristic values that are important are the maximum (or 99 percentile) daily
drinking water demand (L/s) and the maximum daily hot water demand (L/s) and the
maximum demand volume (L) for hot water in 10 min, 1 h and 1 day. The maximum flows
for these buildings, together with a requirement for the minimum and maximum flow
velocities, leads to a certain pipe diameter. The maximum hot water volume is used to
determine the most appropriate type and size of water heater.

The best fit is a linear relation between building size and characteristic values (Pieterse-
Quirijns and Van der Schee, 2010).

For each building 30 days of flow measurements with a 1 minute time resolution were
collected. Surveys for a few more buildings were filled out. The flow measurements showed
that the simulations fitted the measurements well. The surveys showed that the estimates for
the input parameters were reasonable (Pieterse-Quirijns et al., 2014).

The linear relations from step 4 together with a small safety factor, and a restriction to
minimum and maximum building sizes were defined as the design rules.

. The application of the new guidelines will lead to selection of smaller diameters. Also the

water heater capacity can be reduced with a factor 2 to 4 compared to suppliers proposals,
while still meeting the desired need and comfort. The impact on energy use due to a better
selection of the water heater is significant (Pieterse-Quirijns et al., 2013). The impact on
water quality seems to be limited as the pipe volume is typically emptied in a few times of
opening a tap, or flushing a toilet.

The design rules following from SIMDEUM are now in the official Dutch guidelines for
the design of DWIs in apartment buildings and non-domestic buildings (ISSO-
kontaktgroep, 2015).

3.4 Conclusion

Applying the new design guidelines with reliable predictions of water demand results in saving
both materials (of pipes and water heater) and energy (Pieterse-Quirijns et al., 2015).
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4  Case Il: Evaluating heating efficiency considering primary energy, costs
and carbon emissions

4.1 Introduction

At the end of the 20" century the residential heat demand in the Netherlands was predominantly
determined by heat demand for space heating. Norms for building requirements enforce better
insulation for new residential buildings to decrease the heat demand. This requirement is
typically expressed in the EPC (Energy Performance Coefficient). Disappointing results for
energy consumption of new buildings caused by inefficient tap water heating shows that the
attention for tap water heating efficiency so far has been insufficient. There are two main
drivers which make better understanding of heating efficiency necessary:

(A) Current building standards: The current EPC calculation method estimates the tap water
heat demand based on the buildings’ floor space, which can result in significant under- or
overestimation of the tap water heat demand. This can cause (respectively) discomfort or
energy inefficiency.

(B) Future building standards: In the current Dutch situation natural gas is mostly used as

an energy source for water heating. Climate change and resource depletion enforce the use of

renewable energy (RE) sources. To drive the energy transition without fossil fuel use, concepts
for residential energy demand need to be (further) developed. The applicability of these
concepts should be validated for the water heat demand as is explained in the following:

1. The power required for water heating differs much from the power demanded for space
heating, due to the higher temperature for tap water heating (min. 55 — 60°C).

2. Heat pumps are often used to bridge the temperature gap between the required minimum
temperature for hot water and the available low-temperature from RE- sources, like ATES
(Acquifer thermal energy storage). These systems are more sensitive to demand changes
than traditional systems (e.g. gas boilers) and there are typically more demand changes for
hot water than for space heating.

3. Future RE-systems for heat supply on district level will typically be based on lower
temperatures (30 — 50 °C) compared to traditional district heating systems (70 — 90 °C).
Although this temperature range is directly applicable for space heating of new buildings
(which meet the current requirements) these RE-systems should be validated on hot water
peak demands for groups of residential buildings (consideration of power statement (1)
above) since peak demands for hot water are much higher than for space heating (due to
coinciding shower use).

For both current (A) and future (B) challenges SIMDEUM-HW can be a very effective method

to:

1. Enhance understanding of heating efficiency for specific user groups and situations for
today and future scenario’s to improve decision making in DWI design.

2. Calculate peak demands (and corresponding exceedance frequencies) for groups of
residential buildings to validate new concepts for tap water heating in the circular economy.
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4.2 Method

As mentioned in section 1 SIMDEUM was extended with the HotWater (HW) module. This
module enables the calculation of the energy demand for heating the simulated amounts of hot
tap water. This is the so-called ‘final energy’: the amount of energy which is theoretically
necessary to heat the water to the desired temperature and to bridge the heat losses between the
water heater and the tap. The final energy is calculated per tap location based on:

1. The desired temperature at the tap;

2. The temperature of the water which enters the DWI1 (seasonally dependent);

3. The heat losses during transport in the DWI.

4. The availability of a shower heat recovery (SHR) system.

In an earlier study the annual sum of final energy was calculated for 72 scenario’s which were
different in (a) household type, (b) DWI design, (c) water temperatures (see points 1 and 2
above) and the use of SHR (Pieterse-Quirijns et al., 2015).

To calculate the primary energy which is demanded for water heating the efficiency of heating
should be considered in the energy demand calculation. The result of this calculation is the
primary energy. Based on the Dutch NEN 7120 norm for efficiency of water heaters, quality
assessments of specific water heaters and final energy calculated by SIMDEUM-HW annual
total values for primary energy, costs and carbon emissions were calculated (Figure 2),
(Pieterse-Quirijns et al., 2015). To calculate the total efficiency for electrical driven water
heaters (i.e. heat pumps) the efficiency of power generation at the power plant was considered
by using a value of 39% (from NEN 7120).

SIMDEUM SIMDEUM-HW EFFICIENCY MODEL
Simulation > Calculation of final energy > Calculation of primary energy,
hot water demand (theoretical enery demand + heat loss) costs and carbon emissions

Figure 2 Steps for calculation of primary energy demand using SIMDEUM-HW

4.3 Results and discussion

From the total efficiency the primary energy, costs and carbon emissions were calculated.
Average values of 0.23 €/kWh and 0.65 €/m® were used for electricity and gas (price level
2015). Figure 3 shows the total efficiency and annual costs for various scenarios considering
household size, DWI design and SHR use by use of an electrical heat pump with ventilation
air as heat source. The 10-90 pct. bandwidth shows the variation around the ‘average’
household (50-pct.). It is shown that (based on costs) there are large differences between
household types. The use of luxury DWI’s (rain showers, baths, etc.) can result in a factor 2
higher costs compared to a standard DWI design. Obviously the results are largely depending
on the household size (number of inhabitants). The effect of people’s behaviour (i.e. short/long
showering) is expressed in the bandwidth. The combination of heater type and people’s
behaviour seems to be determinative for the extent to which energy savings are realised
using SHR. Figure 3 shows that for very economical people (10" pct.) the savings of SHR are
minimal. For an average user (50" pct.) the savings can sum up to several tens of euro’s a year.
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For larger households cost reduction of SHR can sum up to 150 €/year. These savings
obviously depend on the energy (electricity/gas) price.

Note: the total efficiency is the efficiency in the heat supply chain for water heating. Due to
the use of heatpumps (which transport more energy than they use, expressed in the Coefficient
Of Performance (COP)) the calculated total efficiency for water heating could be larger than
100%. This value is obviously different from the thermaldynamic efficiency (which represents
the conversion of heat to work, not the transport of heat).

Total efficiency and costs HP (ventilation air)
small household (1-2 pers.)
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Figure 3 Efficiency and yearly costs based on SIMDEUM-HW and efficiency model
results for household, DWI and SHR scenarios. A heat pump (ventilation air as heat
source) was chosen as heater type.
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4.4 Conclusions and future work

With SIMDEUM-HW, natural variation of hot water demand was modelled and studied,
leading to realistic demand patterns (with insight into the variability) of energy where other
methods can result in under- or overestimation of energy demand. Moreover, a model as
SIMDEUM is essential to study the effect of different scenarios on water heater performance
in terms of total efficiency, costs and carbon emissions. As a follow-up, the model can be
developed into an online tool for consumers, e.g. to calculate the savings potential of taking
shorter showers, using water-saving shower heads or SHR, or showering at lower temperatures.
The current work with SIMDEUM-HW shown in section 4.3 focuses on individual households.
The stochastic nature of SIMDEUM(-HW) will be necessary in future work on calculation of
peak demands of multiple households to validate the design of future low-temperature district
heating solutions. To calculate realistic peak demands, it is necessary to consider the effect of
people’s behaviour (in i.e. different scenarios), for which SIMDEUM(-HW) shows good
opportunities. Based on results of earlier work it could be concluded that it is (technically)
possible to apply the functionality of SIMDEUM-HW for non-residential hot water energy
demand (Pieterse-Quirijns et al., 2013, 2014).

5 Case Ill: Customized design of residential grey water and rainwater
systems

5.1 Introduction

In the transition towards more sustainable urban water systems, increasing attention is given to
decentralised facilities, e.g. grey water recycling and rainwater harvesting. Current Dutch
design guidelines (ISSO-kontaktgroep, 2002, 1SSO-kontaktgroep, 2001) are based on daily
averaged water consumption and they do not differentiate between type of buildings or
consumers. Residential demand and supply of local resources have a dynamic pattern
fluctuating over time, influenced by household size, building characteristics and weekly and
seasonal factors. Determining the adequate storage capacity to match supply and demand is
crucial for the functioning of these systems. Often averaged hourly or daily consumption are
used for dimensioning, which can overestimate or underestimate the system efficiency.
Different variables determine the actual harvest of local resources: spatial variables depending
on building typology (e.g. single houses versus apartment blocks); seasonal and location-bound
variables (e.g. yearly rain patterns, depending on locations) and temporal variables (demand
and supply patterns that fluctuate through the day — day/night, within the week —working
days/weekends, and within the year — seasons). Our objective was to gain insight into the effect
of dynamic patterns on storage capacity and efficiency of the systems.

5.2 Method

The stochastic drinking water demand model SIMDEUM was applied to design a residential
grey water and rainwater systems for two building types, a free standing house and a mid-rise
apartment flat (Table 1). SIMDEUM was used to determine the residential water demands and
the waste water production per hour during a year, considering household occupancy and
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presence of water using appliances. We focused on supplying non-potable demand (toilet and
laundry) by recycling light grey water (from the shower and bath) and harvesting rainwater.
For the scenarios including recycling, two storage units and a treatment unit are required. For
rainwater harvesting, a single tank is considered, Figure 4. The hourly rainfall pattern of an
average year — 2010 — was used as recorded for the Netherlands.

External Input
(Tap water)

Local sources
(rain water)
T

Light grey
water
production +

@ e S Harvest | =
Treatment i é
unit ‘

. Non-potable water
Light grey Treated and demand
water storage rainwater storage

SIMDEUM 4

Figure 4 Description of the modelled storage and treatment system

Table 1 Overview of the characteristics of two buildings

Free standing house Mid-rise apartment flat
Roof area (m?) 60 640
Occupancy 1 family — 4 people 56 people: 28 apartments x 2 people
# of toilets 2 28 (1 per apartment)
# of laundry machines 1 28 (1 per apartment)
# of showers 1 28 showers (1 per apartment)
# of bathtubs 1 No bath
Roof type Pitched Flat
Grey water system Single house collection Shared collection
Rainwater collection  Single Shared

5.3 Results

Although the yearly water demand per person is similar for both types of households, they do
not satisfy the superposition principle, meaning that the water demand pattern of the four-
people households is not two times the pattern of the two-people households. This non-linearity
is, among others, caused by differences in (use frequency of) water appliances related to
household size and family composition (adults/children). The simulated patterns show a large
difference for the two demand scenarios: conventional and with water saving appliances,
Figure 5.
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The studied strategies include demand minimization, light grey water (LGW) recycling, and
rainwater harvesting (multi-sourcing). Results showed that water saving devices may reduce
30% of the conventional demand. Recycling of LGW can supply 100% of the toilet flushing
and washing machine demand, which represents 36% of the conventional demand or up to 20%
of the minimized demand. Rainwater harvesting may supply approximately 80% of the
minimized demand in case of the apartment flat and 60% in case of the free standing house
(Agudelo-Vera et al., 2013). To harvest these potentials, household specific systems are
required.

SIMDEUM can be used to simulate the storage facilities and to determine an adequate storage
volume considering the specific water demand. The case studies showed that building and
occupancy characteristics largely influence the efficiency of these systems. In the two specific
(Dutch) cases that were studied the largest positive effect was found from reducing the
residential water demand, the second largest was reusing grey water, the use of rain water
contributed only to a small extent to the sustainability goals.

A comparison between recycling and multi-sourcing shows that for the same storage capacity,
recycling is more beneficial. If recycling and multi-sourcing are combined, the maximum yield
is achieved with a smaller storage capacity. Comparing the two building units, for a storage
capacity of two tanks of 50 litres per person, the yield of recycled water is 39 m®year = 10
m3/personsyear for the free-standing house, meanwhile the same storage capacity will yield
709 m®/year = 12.7 m*/personeyear for the apartment building. A detailed description of the
analysis is reported by Agudelo-Vera et al. (2013).

5.4 Discussion

A proper choice of the storage capacities results in optimization of local harvest of resources
and in minimization of the overflows. Overflows minimization will reduce the wastewater
production. Selecting the optimal storage capacity involves trade-offs, because it depends on
space availability and cost. Moreover, if the storage capacity is small, it will be most of the
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time full being volumetric effective, but if you have a minimized demand, a lot of rain or
greywater will be wasted as overflow going to the sewer because the production/supply is
much larger than the demand.

Overall, our results show that there are two main determinants for the design of grey water and
rainwater systems:

1. The availability of local resources. Constraints to meet non-potable demand are determined
by inequality between grey water production patterns and demand patterns, and to limited
availability of rain water related to local context (i.e. climate, season, roof areas).

2. Practical limitations in harvesting the available resources. In this case, the harvest of
available resources is constrained by the availability of space to meet the required storage
capacity and water treatment capacity.

5.5 Conclusion

Understanding water demands (and temporal water demand patterns) of different buildings,
related to different occupancies and building characteristics is essential information to design
and optimise on-site recycling and multi-sourcing measures. Variations in daily production and
demand patterns showed large effects on the efficiency of the resources harvested. Notice that
similar on-site systems configuration will perform different according to occupancy. The extent
to which resources can be harvested depends also on storage and treatment capacities.
SIMDEUM helps understanding the process dynamics relevant for water resources
management in the built environment. We have studied the urban water balance at building
level and evaluated implementation of various measures: demand minimisation, recycling of
light grey water and harvesting of rainwater to supply non-potable demand. SIMDEUM also
allows simulation of blocks or neighbourhoods. Simulating residential patterns using
SIMDEUM can be used by urban (water) managers and decision makers to better understand the
urban water system. Better understanding of urban flows will allow the design of customized
solutions for existing and new buildings, because an optimal scale of management of certain
flows can be identified. In the future, this type of information can support the implementation of
real time control measures to shave peak demands and to achieve smart water grids.
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Abstract

This paper proposes a Bayesian approach to bridge the gaps between model estimates and field
measurements of probable maximum simultaneous water demand using loading units. Based
on best available data in the open literature, it presents an application example with a chosen
sample size not large enough for superseding the model estimates. Theoretically, the proposed
approach is flexible to adopt estimates as its prior values from a wide range of existing water
demand models with relevant measurement data. Further investigations on the applicability of
this Bayesian approach for determining the design flow rates in water systems are thus
recommended.

Keywords

Probable maximum simultaneous demand; demand models; measurements; Bayesian
estimates.

1 Introduction

Accurate instantaneous flow rate estimation is essential to the design of water supply systems
in buildings [1]. However, many water supply systems are still routinely and substantially over-
sized as the prospect of system failure is commercially and professionally unthinkable [2].
Regarding the choice of the most appropriate design flow rate for future sustainable
development in buildings, there is no conclusive data to favor either model or measurement
outcome. To update our current beliefs about design flow rate, this study presents a Bayesian
approach and demonstrates its usefulness through the use of contemporary field survey data
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and the Hunter’s fixture unit approach. The findings provide a solution to the choice of design
flow rates in future water systems.

2 A Bayesian approach

Bayes’ theorem, which relates the conditional and marginal probabilities of stochastic events
A and B (where B has a non-vanishing probability), asserts that the probability of an event A
given an event B depends not only on the relation between events A and B but also on the
marginal probability of occurrence of each event. This theorem can be applied to a sample size
not large enough for decision-making purposes, yet relevant enough for statistical analysis. Its
general formulation and various applications are available in the open literature [3]. This study
employs a Bayesian approach to predict the probable maximum simultaneous demand for the
total fixtures installed, using the readily available model predictions (event A) and the
measurements from a compatible installation (event B).

The posterior estimate of a fractional design flow rate q“s1 ~ N(01,¢1), given the measured
value, is expressed by the following Bayesian rules [4], where p is the probability, and 6 and ¢
are the mean and variance of a normal distribution function N respectively,

p(a:, 1a;)=plago)p(a; 1ai,) (1)
b =05 +07) " 91=¢{$—Z+q73 )

where, the fractional design flow rate q”q is defined as the ratio of the probable maximum
simultaneous discharged flow rate of all connected appliances g4 divided by the possible
maximum flow rate gmax due to all appliances discharging simultaneously,

O = A / A - (3)

The prior fractional design flow rate g0 and the measured (observed) fractional probable
maximum flow rate q°x are both assumed normally distributed,

0o ~ N(6y.0,); a; ~ N(6,¢) . (4)

3 Parameter B (N, a., €)
In Equation (1), where the weights are proportional to their respective variances, the posterior

mean is a weighted average of the prior mean and the measured value given. This posterior
mean can be characterised by the ratio of standard deviations and expressed as a parameter 3,
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Combining Equations (1) and (5) and taking 0o as the best estimate of q”4,0 and unity ¢o, the
posterior estimate q”q1 is given by,

a4, ~0, = (o), +a;p2)2+p2)" .. (6)

The parameter  can be determined by the target sample size n-, the acceptable error of the
final estimate e, and the ratio of the measured value to the prior estimate o [5],

B=p(n,.c,.a) (D

The target sample size n«, for the repeated measures of flow rate (q°), is a finite value deemed
large enough to adopt the measured flow rate for design calculations.

gzg(n):qd'lq:qX e, =¢(n=n,) . (8)
o= ... (9)
dg

Figure 1 illustrates the examples of 3 (ranged between 0.5 and 4) for a sample size n, with
errors € and o=0.4 and 0.6.

100%

10% -

1%

(a) a=0.4
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x-axis: Sample size n; y-axis: Error € (%)
Figure 1 - A posteriori error estimates

4 An application example

To illustrate the practicality of the proposed approach, design flow rates corresponding to
loading units U in a multi-story apartment building as reported by Murakawa [6], together with
the a values calculated using Equation (9), are presented in Table 1. As no significant
association between o and U was found (p=0.25, t-test for correlation), a constant a. over the
U range shown can be proposed. Assuming all 19 data values (i.e. n=19) are independent and
compatible to the probable maximum simultaneous flow rate given by the Hunter’s method,
the posterior estimate 4,1 for the design flow rate q”q0 obtained through the Hunter’s fixture
unit approach can be determined by Equation (10), where an is the coefficient for the Hunter’s
estimate, and given that gmax applies to both "0 and q”q1 in Equation (8).

qd,l(U):anqd,O(U) ... (10)
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Table 1 Design flow rates of loading units [6]

Load_lng Hunter’s estimated design ~ Measured probable
unit ;
No. flow rate maximum flow rate a
@] Qd Ox

1 90 2.9 1.2 0.4138
2 250 5.7 2.2 0.3772
3 500 8.5 4.2 0.4976
4 950 14.0 6.2 0.4450
5 1000 15.0 6.5 0.4333
6 1250 17.0 6.1 0.3588
7 2030 23.4 8.1 0.3462
8 2050 23.6 8.9 0.3771
9 2300 27.0 9.5 0.3519
10 2300 27.0 9.5 0.3519
11 2741 29.0 8.0 0.2759
12 3307 315 10.6 0.3365
13 3734 34.3 10.0 0.2915
14 4803 40.0 15.4 0.3850
15 5745 45.6 18.0 0.3947
16 6256 46.6 15.4 0.3305
17 6598 50.0 20.0 0.4000
18 7693 54.0 18.6 0.3630
19 10000 65.0 24.0 0.3692

Figure 2 exhibits the calculated coefficients for n=19 and o=0.4976 (i.e. the maximum o value
in Table 1). When n»=20, 100 and 200 with an acceptable error £=0.05, the ratios of standard
deviations are 3=1.02, 2.283 and 3.228, while the corresponding coefficients are a19=0.5237,

0.6058 and 0.6755, respectively.

The posterior design flow rate estimates for n».=20, 100 and 200 are graphed in Figure 3.
Hunter’s estimates, measurement data and estimates from Murakawa [6] are shown for
comparison. The posterior estimates are very close to the estimates made by Murakawa [6]. In
the case where the sample size n is close to the target sample size n, the posterior estimates
show a trend of approaching the maximum measured loading unit. For larger target sample

sizes, the posterior estimates are closer to the prior estimates.
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Figure 2 - Coefficients for Hunter’s estimates
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x-axis: Loading unit; y-axis: Design flow rate gq (Ls™)
Figure 3 - Design flow rates
5 Conclusion
This paper proposes a Bayesian approach to bridge the gaps between model estimates and field
measurements of probable maximum simultaneous water demand using loading units. Based
on best available data in the open literature, it presents an application example with a chosen

sample size not large enough for superseding the model estimates. Theoretically, the proposed
approach is flexible to adopt estimates as its prior values from a wide range of existing water
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demand models with relevant measurement data. Further investigations on the applicability of
this Bayesian approach for determining the design flow rates in water systems are thus
recommended.
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Abstract

This paper examines the role that biofilm contamination of hospital water systems may play in
Health Care Associated Infections (HCAISs), and discusses the impact that the design of water
systems and of plumbing system components may have on reducing the risks from infections.
A review was undertaken of published materials with the aim of gaining an understanding of
biofilm formation and its role in supporting and protecting potentially harmful pathogens.
While acknowledging that it would be extremely difficult to eradicate biofilms from hospital
water systems, a broad set of principles is presented that, if followed, may help reduce the
incidence of biofilm formation within the components of the water system. Using these
principles, an idealised control valve for use in hand wash and showering is described.

Keywords
Biofilm; HCAI; Legionella; Pseudomonas, Hygiene.

1 Introduction

Of the over 6 million cases of Health Care Associated Infection (HCAIS) that occur in USA
and Europe each year, around 136,000* will result in the death of the patient. A considerable
proportion of these cases are the result of contamination of the water flowing from the hand
wash and shower facilities provided by the hospital.

*Center for Disease Control 2013

Contamination occurs in both older water systems and those that have been recently installed.
Once an organism such as Legionella pneumophila has entered the water system (which in
large hospitals may consist of miles of complicated pipework) it can become very resistant to
conventional disinfection techniques.
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The disinfection techniques used mainly target freely swimming, individual bacteria. However,
it is now understood that most microorganisms that exist in water systems live in colonies of
organisms known as biofilms. Biofilms provide both protection and nutrition for
microorganisms, both of which make many of these techniques much less effective.

This paper aims to provide answers to the following questions:

1. Is it possible to develop a set of general principles that, when applied to water system
design, can reduce the incidence of biofilms and thus make sterilisation measures more
effective?

2. Can modern plumbing equipment sometimes contribute to the problem?

3. How can that equipment be re-designed to ensure that it is inherently resistant to biofilm
formation?

To provide answers, a review was undertaken of published materials including scientific
papers, codes of practices and guidelines from recognised bodies and investigation reports of
instances in which biofilm formation has resulted in water contamination leading to illness or
injury. The following is a summary of what we found.

2 Biofilms **

The role of bacteria as disease causing agents has been understood since the 1860s, and since
then much research has been conducted trying to understand their nature and to develop ways
of controlling them. However, until very recently, most of this research has been conducted on
bacteria either in their planktonic state — floating freely in water — or growing as a pure culture
in a solid nutrient medium.

Planktonic bacteria are very rare and pure cultures like those found in a laboratory almost never
exist in nature. Most bacteria (99% or more) live in biofilms - complex polymeric structures
composed of material excreted by the bacteria themselves.

Biofilms provide both protection and nutrition for microorganisms, which makes many
disinfection techniques much less effective.

2.1 What are Biofilms?

Biofilms form when bacteria adhere to a surface and, within minutes, begin to excrete a sticky
gel (Extracellular Polymeric Substances (EPS)) which forms the structure of the biofilm. This
forms a protective medium for the bacteria to reproduce, and attracts other free-floating
organisms. These become part of a colony which may eventually grow to contain hundreds of
different species of bacteria living together almost as if they were a multicellular organism.
Once established, the biofilm becomes a source of infection for the rest of the system (Figure
1).
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Detachment and dispersal

Figure 1. Lifecycle of a biofilm from initial adhesion to detachment and dispersal
2.2 How do biofilms provide protection to microorganisms?

There are several different mechanisms that allow the biofilm to provide protection. These
begin with basic mechanical protection. The EPS provides insulation from heat and resists the
penetration of chemicals. This means that both heat and chemical based disinfection measures
must be applied for much longer than the research into planktonic bacteria would suggest.
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Figure 2. The multidimensional structure of biofilms provides a variety of
protective mechanisms.

It is thought that there is also a much subtler mechanism in play. As the biofilm grows, it
develops a complex three-dimensional structure (fig 2) which allows nutrients and oxygen to
diffuse through some parts, but resists diffusion in other parts. The result of this is that each
species may exist in the biofilm in a variety of states, ranging from rapidly growing to dormant.
Dormant (or Persister) bacteria are much more resistant to antimicrobial measures and this

greatly increases the chance that there will be survivors from any attempt at disinfection.

3 Water system design for biofilm resistance

Biofilms are both ubiquitous and persistent, and can flourish in very extreme environments. It

is extremely unlikely that we could eradicate them completely from a large water system.

However, there are techniques that have been demonstrated to minimise the growth of biofilms.

The approach focuses on three general aims:

1. Prevent bacteria from adhering to surfaces.

2. Minimise the availability of nutrients.

3. Maintain temperature ranges outside those that promote bacterial growth.
Controlling biofilms requires the use of a combination of design techniques. These include:

«  The design and physical layout of pipework.
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»  Careful choice of materials that are in contact with the water.

» Reviewing the systems and operating procedures used to manage the system.
«  Changing the internal design of taps, shower controllers and valves.

3.1 Pipework layout

Most hot water systems in large buildings consist of a centralised water heater connected to a
circulating system of pipework. Hot water is pumped around the system to ensure that it is
available to any of the outlets without an appreciable delay. The design and configuration of
the pipework system can have a considerable influence on biofilm control.

Hot water pipework

should be insulated Avoid dead legs and standalone TMVs.

—

™MV
Hot water must be stored
Water above the minimum
Heater  gi5rage temperature T
(see table) i
Use outlets with
integrated TMVs
The hot water return
temperature should
be continuously monitored. . Cold water pipework
must be insulated
where it passes
<« through warm locations.
Cold water supply
must not exceed 20° C
Figure 3. Pipework layout features that can help resist biofilm growth

3.2 General approach to system design
In general, the pipework system must comply with the following:

e Arrange the pipework to minimise stagnation, eliminate airlocks, avoid turbulence and
maximise the rate of flow throughout the system.
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e Hot water pipework should be insulated to minimise heat loss and maximise the
circulating water temperature (National guidelines regarding this differ, e.g. in the
Netherlands there should be at least 1m of uninsulated pipe from the circulation loop to
the outlet).

e The return temperature of the hot water should be monitored and, if it falls below the
required value, the temperature should be adjusted accordingly.

e Cold water pipework should be run through the building in a way that avoids sources
of heat (such as hot water pipes) and, if these are unavoidable, the pipes must be
insulated at these locations.

e The system should be designed in a way that allows a routine regime of both hot and
cold flushing to be carried out. If possible, valves that can provide automatic flushing
regimes should be used.

3.3 Circulating water temperature

To prevent the build-up of HROs, the water circulating through the pipework must be
maintained at high temperature. The recommended minimum temperature varies by
jurisdiction, but is generally above 50°C and can be 60°C or more (see table 1).

Table 1. International guidelines for hot water temperatures
Guideline Country Min. Storage | Min. Temp at outlets Min. Return

temp temp

LS UK 60°C 50°C within 1 minute N/A

ASHRAE USA 60°C N/A 51°C
Guideline 12

ISSO 55.1 Netherlands 60°C 60°C 60°C

W551 Germany Not specified 55°C 55°C

WHO International 60°C 50°C within 1 minute 50°C

3.4 Thermostatic Mixing Valves

Water at these temperatures presents a risk of scalding to the users, even after exposure of only
a few seconds. Thermostatic Mixing Valves (TMVSs) blend hot water with cold to deliver an
outlet temperature which is in the safe range for users (typically between 38-41°C). For biofilm
resistance, the TMV must be integral to the tap.

3.5 Dead legs and dead ends

Dead legs (Long sections of pipe outside of the circulating system) must be avoided. During
normal use they may never reach the temperature required for disinfection, and an occasional
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injection of hot water may help them to maintain a temperature in the range (32°C to 41°C)
where bacteria such as Legionella pneumophila can multiply. Dead ends (sections of pipe
through which there is no water flow), must be removed.

3.6 Check valves

Check valves located in the pipework close to any outlet device that mixes hot and cold water
are essential to prevent the back-flow of potentially contaminated water to the main water
system (figure 5). However, many currently available designs have complicated internal
surfaces and contain polymers which in combination provide an ideal environment for a
biofilm to form.
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Figure 4. Check valve operation

1. Ouitlet closed: the check valve is closed and no flow occurs.
2. Outlet opened: water can flow through into the mixing device.

3. Higher pressure on the outlet: the check valve prevents water flowing in the wrong
direction.

4. Biofilms can build up and combine with debris to the extent that they cause the valve to
malfunction and allow water to backflow in to the system.

Check valves fail in this way without any visible indication. It is not possible to detect a faulty
check valve from external inspection. As a result, check valves need to be regularly checked
and cleaned. This is a difficult, costly and time-consuming procedure.

3.7 Polymers and elastomers

Many modern, electronically controlled thermostatic taps make extensive use of polymers and
elastomers in their construction. These can support biofilm growth, " " particularly in areas
where there is a slow or stagnant flow.

This may be due to the manufacturing methods rather than some inherent property of the
material. For instance, the elastomer EPDM (Ethylene Propylene Diene Monomer) has been
associated with contamination of water when used to provide extruded rubber flexible hoses.
Investigation has indicated that this is a problem with the way that EPDM was manufactured
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and used, not with the material itself. Vi Different grades of materials such as EPDM are
available that differ in their ability to resist microbial growth. ™"

Relatively few national standards require a test for resistance to microbial growth and the ones
that do (see table 2) use very different methods that may yield different results for the same
material. Prudence suggests selecting materials that meet all 3 of the published standards.

Table 2. National water quality standards that include a test for resistance to
microbial growth

Standard Country method
BS6920 UK MDOD
NVN1225 Netherlands BPP
W270 Germany SP

3.8 Anti-microbial metals

Some metals, such as copper and copper/zinc alloys such as brass, have anti-microbial
properties. In pipework, these properties diminish over time due to a gradual build-up of
biofilms, limescale and corrosion, but studies have shown that the presence of copper can have
a significant impact on hygienically relevant bacteria such as Pseudomonas aeruginosa.

4 Water system management

The systems and operating procedures used to manage the water system have an important role
to play in biofilm control. The most significant part of this is the establishment of a regular and
effective flushing regime.

4.1 Biofilm control with flushing regimes

Regular flushing of both hot and cold parts of the water system is one of the most effective
ways to minimise both biofilms and harmful organisms. ' Flushing helps to eject organisms
from the system, but also helps the system to reach temperatures that can inhibit or destroy
biofilm and bacterial growth. It can also help ensure that chemical disinfectants reach all parts
of the water system when used.

4.2 Cold flushing

Cold flushing is important for water systems with long pipe runs that exist in warm areas, or
are exposed to heat sources. Regular cold flushing can help maintain the temperature of cold
water pipes below 20°C — needed to prevent Legionella from growing.
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4.3 Thermal disinfection using hot flushing

Water temperatures above 60°C are required for effective disinfection of Legionella and
temperatures above 70°C can effectively disinfect Psuedomonas aeruginosa. ¥ V' If biofilms
are present sufficient time must be allowed for the heat to penetrate them. In some jurisdictions,
the higher the temperature the less time is required to complete the disinfection.

Table 3. National regulations for thermal disinfection

Territory MIN. temp (°C) MIN. time (Minutes) Time reduction
UK 60 5 No
Netherlands 60 20 65°C = 10mins
70°C = 5mins
>70°C = 5mins
Belgium 60 2 65°C = 1min

70°C = 30secs
>70°C = 30secs

USA 70 30 No

Germany 60 20 65°C = 10mins
70°C = 5mins
>70°C = 5mins

Scandinavia No standard - calculated for each site

Thermal disinfection uses large amounts of water and energy and presents safety hazards which
means the process must be manually activated and supervised at each outlet. It can be time
consuming and expensive to carry out and this means that it is often only used as a measure of
last resort or as a remedial measure.

4.4 The duty flush

A duty flush is a simultaneous hot and cold water flush where the combined temperature at the
outlet is within safe limits. Regular flushing prevents water stagnating within the valve. It will
only disinfect the hot water system up to the point where it blends with the cold water system,
and is most effective where the TMV is integrated in to the tap body.
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Table 4. National guidelines for duty flush

GUIDELINE | COUNTRY | TEMPERATURE | FREQUENCY DURATION
L8 UK Blend Weekly Several minutes
ISSO 55.1 Netherlands Flush until Daily or Weekly 10 seconds at
temperature is stable | depending on stable temperature
risk
W551 Germany Blend At least 72 hours | Not specified
after last use

4.5 Maintenance, monitoring and record keeping

To be effective it is essential that flushing is carried out regularly. Missing routine flushes can
result in an increase in bacteria levels at the outlet when flushing is resumed. '

A verifiable record keeping system must be maintained. If the water delivered does not reach
the required temperature for the required time this must be flagged so that the process can be
repeated.

5 Outlet valve design principles

The pipework for a biofilm resistant system can be constructed from existing and readily
available materials. However, several studies into the way that biofilms form and grow have
suggested that the design of existing water outlet devices (taps, showers and thermostatic
valves) may create opportunities for biofilm growth. ¥V

A re-design, focussed on minimising the opportunities for biofilm growth, could be a
significant step towards reducing the number of HCAIs that occur annually. There are many
aspects to outlet design, but the core component is the water mixing valve which controls the
flow and temperature of the water. This is often the source of contamination and is where the
design effort should be focussed.

There are four basic techniques that can be employed:

1. Reduce the wetted surface area and the internal water volume. This puts limits on both the
number of potential bacteria and the opportunities for them to adhere to a surface.

2. Keep flow velocities high. Bacteria need to be in good contact with a surface as they
adhere. High water velocities help deny the opportunity for this to take place and prevent
the formation of long/loose biofilms that can then easily slough off in large chunks.

3. Eliminate stagnant areas within the waterway. The internal volume of the outlet must be
flushed completely on every use.

4. Use materials that reduce the risk of biofilm development within the valve.
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The following example is a mixing valve that combines all the features needed to resist
the formation of biofilms and thus minimise water borne pathogens.

High speed, No rigid polymers
HrL high precision in contact with the
i stepper motors water stream 1

In operation, the
entire internal
Control shaft seals volume is flushed,

rovide precise Elastomers in ;
Eontrol ol; flow into contact with removing any

water minimised ‘] harmful organisms
[

the mixing valve o o\ o o
\ \
) : )
) ] D: Cold seals ;\ AR A rE. J
_ || prevent cross - J | \
Seal failure will U A 0g o flow e al by {2
cause a leak to ¢y G
the outlet, warning © [ |= ° J
users of a fault . _\ [ )] High water S _\ |_ )
[ f ™ \ " L
\ f velocities through [ r “ [
\ r Ll ] L/ the valve help | - \!\
Hot ¢ Cold minimize biofilm Valve body is made
supply supply attachment of copper/brass.
Figure 5. Digital valve operation

5.1 Precision temperature control

A pair of control shafts independently control the flow of hot and cold water through the valve.
They are driven by high speed, high precision stepper motors. A temperature sensor monitors
variations in the output temperature. These are fed back to a microprocessor that governs the
control shaft motors. This system ensures that there is very little deviation in the output
temperature of the valve, despite large variations in the supply pressures and temperatures

5.2  Precision Flow Control

The mechanism allows control over water usage allowing, for instance, a low flow rate to be
set during normal use, for water saving, and a high flow rate to be used during flushing for
pathogen control. This enables control over the flow rate without needing to use complex outlet
inserts, which can harbour microbial contamination. ¥

5.3 No need for check valves

The valve’s ability to independently shut off both hot and cold supplies provides two significant
advantages over a conventional design:

« Assingle seal failure will not result in cross flow (Both seals on the hot and the cold inlet
must fail for cross flow to occur).

» If either seal does fail there will be a permanent leak through the outlet of the valve,
providing an immediate visual indication of a maintenance problem.
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