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Abstract 
As buildings have become more energy efficient, the energy demand for preparation of 
domestic hot water stands out as an increasing part of the operational cost and carbon 
footprint of a building. Most of the heat in the water is used for a short time and then 
discharged to the main sewer line. Clarion Hotel Stockholm is an example of such a building, 
with many showers, bathtubs and a spa. The hotel business is growing around the world and 
its customers demand comfortable stays. A parallel trend is a more environmentally aware 
tourism and business travel. Hotels show a great potential for energy savings, while still 
offering comfortable accommodation. 

In this master's thesis a case study evaluates the possibilities for heat recovery from the 
wastewater of Clarion Hotel Stockholm. Three types of heat exchangers were modelled in 
the system dynamic modelling environment STELLA: a horizontal, a vertical and a shower 
heat exchanger. Recovered heat was used for pre-heating of the incoming water for domestic 
hot water preparation. The flows of heat through the hotel's tap water and wastewater 
systems were schematically modelled using system dynamic modelling, which provides a 
foundation for the development of mathematical models and further research into the area. 

The first results point to possible reductions of the heating demand for domestic hot water 
preparation at Clarion Hotel Stockholm.  

 

Keywords: wastewater heat recovery, wastewater heat exchanger, domestic hot water, hotel, 
energy savings, green tourism, system dynamic modelling  
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1 Introduction 
Energy for the heating of water has long been seen as a constant that comes with using a 
building. The energy for producing domestic hot water has been a minor part in the total 
energy demand of a building, and very simple boilers have been used. Modern buildings 
however, have developed rapidly in the area of energy conservation, and as the energy 
demand for space heating has been reduced, the domestic hot water’s part in the economic 
and environmental costs of running a building has increased.  

Most of the domestic hot water is only used for a short time and then discharged into a 
drain, taking the main part of its heat with it. Recovering some of this heat from the water 
holds the potential for economic and environmental savings, if the heat can be redistributed 
in the building or sold as surplus heat.  

Clarion hotel Stockholm is a typical example of a fairly new building in that measures have 
been taken to reduce the energy demand, but the hot water is a great expense while heat is 
literally flushed down the drain. Identifying and using such unexploited heat sources can 
potentially reduce the energy demand for domestic hot water, if the recovered heat pre heats 
the incoming cold tap water that is used for mixing warm water or heated into domestic hot 
water.  

2 Background 

2.1 Hotels and global warming 
Tourism and hotels is a growing industry, focused on luxury and relaxation. Many hotels 
make a negative impact on their local and global environment, but a trend towards more 
environmentally aware tourism can be seen, as reported by Bohdanowicz (2006). 
Environment is also important for most large companies, who want to improve their green 
image by choosing accommodation and conference facilities where there is an active work 
towards less environmental impacts. The demand for more sustainable accommodation is 
predicted to increase in importance and hotel owners are preparing for a more energy 
efficient future. 

Hotels use very much energy and material resources to produce the hospitality services they 
sell. The environmental impacts of the hotel business are large; they are among the top five 
types of commercial buildings ranked by global warming potential (Bohdanowicz, 2006). 
Much of the CO2 emissions can be attributed to the production of heating energy for 
domestic hot water and space heating. The Swedish Energy Agency (2014) concludes that in 
2012, the Residential and Service sector in Sweden used 46 TWh of district heating. To 
evaluate and benchmark a hotel’s environmental impacts, the different activities in the hotel 
should be studied, rather than the hotel as a whole (Bohdanowicz, 2006).  While the energy 
for space heating in cold climates depends mostly on the weather, the energy for preparation 
of domestic hot water (DHW) depends on the number of guest nights sold.  

As building envelopes have better thermal insulation, the energy demand for space heating 
decreases. This means that the energy demand for domestic hot water preparation stands for 
a larger portion of the building’s total operational energy demand, sometimes over 40% 
(Kretz, 2011). 
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Traditionally, hot water has been seen as a small part of the operational costs and 
environmental impacts of a building, hence other energy optimisations have been prioritised. 
Much effort has been put into lowering the demand for domestic hot water by using low-
flow appliances, shower heads and faucets, but recovering the heat that is released to the 
drains and sewers is mostly done in passive or plus energy buildings. Wastewater heat 
recovery can however save energy in any type of building, and initiatives for technology 
development have been taken by authorities and industry (BeBo, 2014). 

2.2 Current research on wastewater heat exchange 
Wastewater heat recovery has been shown to reduce heating costs and energy utilisation in a 
number of studies on heat pump driven systems (Shen, Jijang, Yao, Deng, & Wang, 2013) 
(Meggers & Leibundgut, 2011) (Baek, Shin, & Yoon, 2005) (Liu, Fu, & Jiang, 2010) (Wallin & 
Claesson, 2014) (Słyś & Kordana, 2014). Studies on heat exchangers that function without 
external power input are more scarce but the temperature efficiencies of some models have 
been evaluated. Temperature efficiencies of up to 72.2% have been reported for vertical 
wastewater heat exchangers using the falling film effect that occurs when water falls next to 
a surface under the influence of gravity. When used with shower drainwater (Collins, 2009). 
McNabola and Shields (2013) reported efficiencies of up to 26.5% for a horizontal shower 
heat exchanger and tests by Nordling (2014) showed a temperature efficiency of up to 37.9% 
for another horizontal shower heat exchanger model. Studying the effects on a whole system 
with these passive heat exchange techniques could provide a better understanding of the 
possibilities for energy savings in buildings. 

2.3 Clarion Hotel Stockholm 
Clarion hotel Stockholm was constructed in 2003, and the building has housed a hotel ever 
since (Malmin, 2014) (Mannström, 2015). It has eight floors, of which two are partly 
underground. The building is located at Södermalm in Stockholm, Sweden. Clarion Hotel 
Stockholm has 532 hotel rooms, with an average 58% rented out each night, which is 
considered a high percentage. There are two restaurants, sharing one kitchen. One of the 
eight floors contains conference rooms and a spa and gym. Laundry is done by an external 
contractor; there is no laundry room at the hotel. 

2.4 Description of the rooms and spa 
The 532 hotel rooms all have a shower, a sink and toilet. About half of the rooms also have 
bathtubs. There are typically 5 or 6 rooms connected to each sewer stack and tap water risers. 
The showers have a maximum flow of 9 litres per minute, sinks 10 litres per minute, and the 
toilets have water tanks of 7 litres. The room air temperature is kept at about 22 ⁰C. 

In the spa, there is a 6,4x3 m2 pool (Mannström, 2015). About half of the pool goes out on a 
terrace, with a roll up door keeping most of the outdoor air at bay. The door is operated via a 
button that the guest can use for going outside and inside. The door does not separate the 
outdoor and indoor water masses from each other. When the spa is closed, a pool cover is 
rolled onto the outdoor part of the pool. This insulates a little from conductive heat transfer, 
but mostly it stops the evaporative and convective heat transfer to the outdoor air. The 
indoor air of the spa has a temperature of 28 ⁰C. 

The spa shower heads are of a different type than the ones in the rooms, they allow flows of 
20 litres per minute. Gradually these shower heads will be changed into a new type that has 
a maximum flow of 11 litres per second. 
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There are three saunas in the spa, of which one is a steam sauna. Most of the heat from the 
saunas is transferred to the air, and so does not end up in the drains.  

2.5 Heating services at the hotel 
Clarion Hotel Stockholm is using the local district heating grid for its heating services 
(Mannström, 2015). The district heating substation consists of three heat exchangers: One for 
the space heating circuit, another for preparation of domestic hot water and the third for 
heating of the pool. The domestic hot water is heated to 60 ⁰C and the pool water to 33 ⁰C. 
The hotel’s total annual bought heat was 1386 MWh in 2014 (Fortum Värme, 2015:4).  

Heat is recovered from the exhaust air of the hotel, except for the kitchen exhaust. This heat 
is used for pre heating of the supply air. 

2.6 District heating production in Stockholm 
Heat is produced at plants around the Stockholm area, connected by the district heating grid 
(Fortum Värme, 2015:2). Most of the facilities are cogeneration plants where bio fuels or 
refuse is combusted, although fossil fuels are also in use when the demand for heating is 
high. A part of the heat is produced by lake and sewer sourced heat pumps, and recovered 
heat from industries is distributed through the grid. Electricity from the pumps is provided 
by the cogeneration plants. The energy mix of 2014 is shown in Figure 1 below. The supplier 
Fortum Värme aims for a totally fossil free heat production in 2030.  

 
Figure 1: 2014's energy mix in the district heating production in Stockholm. Legend from the top: Boifuels and bio oils, 
Refuse, Sewer water heat, Lakewater heat, Return heat from district cooling, Electricity, Fossil fuels. Picture source: 
(Fortum värme, 2015:1). 

The heating power outtake from the district heating system follows a pattern similar to most 
residential buildings: a peak in the morning and one in the evening, and with the highest 
demand on the coldest winter days (Lindroth, 2015). The fossil fuelled peak boilers work for 
about 1/20 of the year. Lowering these power outtake peaks would diminish the peak 
production in the cogeneration plants. Reducing the power outtake would also decrease the 
energy use since energy is the product of power and time, see Figure 2; a smaller area below 
the graph means energy savings. 
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Figure 2: Energy is the product of power and time. Cutting power peaks would save energy. 

If Clarion Hotel Stockholm could cut the peaks in its energy demand, its carbon footprint 
would not only shrink, but the power outtake would decrease when the citywide demand is 
high, and would therefore contribute less to the use of fossil fuels. 

3 Project goals 
This master’s thesis is a pre-study forming a basis for licentiate degree studies of energy 
efficiency in domestic hot water and wastewater systems of hotels and residential buildings. 
The goals of the entire project are to find solutions for better energy efficiency at existing 
facilities. In this case study of Clarion Hotel Stockholm, the domestic hot water and 
wastewater systems are in focus. 

This pre-study aims at: 

• Providing better system understanding — identifying heat sources, sinks and storage 
in Clarion Hotel Stockholm  

• Diminishing the energy demand and power outtake peaks from district heating  
• Investigate the possibilities for lowering the hotel's energy utilisation by wastewater 

heat recovery 

4 Project boundaries 
Clarion Hotel Stockholm is the physical boundary for this study. The studied system starts at 
the district heating substation where water is heated and ends with the water discharged to 
the public sewers. This project focuses on the heat flows through the domestic hot water and 
wastewater systems. Other factors that will influence the energy demand are space heating, 
cooling, occupational loads, ventilation, air humidity and loads from appliances in the 
building. These will be kept in mind but not analysed.  

Heat exchangers that do not need power input from external sources are often easy to install 
and previous tests have shown promising results on their energy saving potential. Three 
types of passive heat exchanger technology will be studied and compared to the 
performance of the current system.  
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The modelling will focus on the general behaviour of the system, while more fine-tuned 
mathematical modelling is planned to be part of the coming licentiate studies. 

5 Theory and methods 
Recovering heat from wastewater is commonly done through the use of either heat 
exchangers, heat pumps or a combination of both. In this chapter, the thermodynamic 
principles behind heat exchanger technology are here briefly presented. The methods used 
for modelling of the domestic hot water and wastewater systems are also explained.  

The system analysis has three main parts: energy flows, CO2 emissions and cost. Energy 
flowing through the system was simulated using the system dynamic modelling 
environment STELLA. Based on the energy flows, CO2 and cost flows were calculated.  

5.1 Thermodynamic principles of heat transfer 
From the second law of thermodynamics, we know that heat will only flow spontaneously 
from a warmer body to a colder until equilibrium is reached, i.e. when the bodies have 
reached the same temperature (Frommer, 1989). The greater this temperature gradient 
between the bodies is, the higher the transmission rate becomes. This shows in the general 
equation (1) for the heat transfer �̇�𝑄 through the separating barrier between two flowing 
media: 

�̇�𝑄 = 𝑈𝑈 ∙ 𝐴𝐴 ∙ Δ𝑡𝑡𝑚𝑚 (1) 
  

where 
�̇�𝑄 =Heat flow, [W] 
U = thermal transmittance of the barrier, [W/(m2*K)] 
A =Surface area, [m2] 
Δ𝑡𝑡𝑚𝑚 =Mean temperature difference between the media, [K] 
 

Heat recovery from water is either done spontaneously as described above, or by turning the 
heat flow around, letting electricity or fuel provide the work necessary for a heat pump to lift 
heat from a lower to a higher temperature. This thesis focuses on the former method for heat 
recovery: letting heat flow spontaneously between two media without the input from any 
external power source.  

Heat flux between gases and liquids occurs mainly through flows in the fluid, convection, 
which appears when the fluid moves from warmer to colder zones (Abel & Elmroth, 2007). 
The convective flow can be natural, operating only by buoyancy gradients, or induced by 
pumps or fans forcing the fluid to move.  

In heat exchangers, the heat must pass a solid barrier (pipe or plate) with preferably as low 
conductive resistance as possible. A low conductive resistance is gives a high U value in 
equation (1) above. The surface area available for heat transmission is also of great 
importance, since a greater area means greater heat flows (Frommer, 1989). To achieve high 
transmission rates, turbulent flows next to the barrier are preferred over laminar flows. In 
laminar flows, the heat is practically only transmitted through conduction, while turbulent 
flows will allow more convection (Ekroth & Granryd, 2006). The layer of fluid next to a 
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surface is always laminar, but a turbulent flow will make this layer thinner and thus increase 
the heat transmission rate. 

Another parameter that becomes important for the ability to recover heat is the transmission 
time i.e. for how long the fluids will meet to transfer heat. A longer time makes it possible to 
transfer more of the heat from one medium to another. This time can be prolonged by 
altering the capacity of the heat exchanger, or by delaying the warmer fluid in a tank or wide 
pipe. If the wastewater is slowed down too much however, the flow will become laminar 
instead of turbulent, which greatly decreases the heat transfer between the media (Ekroth & 
Granryd, 2006). 
 
The magnitude of the heat transfer is also dependent on which directions the fluids have 
when they meet. The two simplest cases are counter flow heat exchangers and parallel flow 
heat exchangers, where the two fluids flow in opposite directions in the first case and the 
same direction in the second. Cross flow heat exchangers are a third type, where the flows 
are perpendicular to one another. Many real-life heat exchangers are hybrids between cross 
flow and the first two types. 

Cross flow heat exchangers will always be more efficient than parallel flow heat exchangers, 
since the temperature gradient between the fluids will remain fairly large during the whole 
heat exchange process (Ekroth & Granryd, 2006). This can be seen in the principal diagrams 
below (Figure 3).  

 
Figure 3: The difference in performance of counter flow and parallel flow heat exchangers 

 
 
In this study, the different heat exchangers' performance will be evaluated based on 
previously measured or assumed temperature efficiencies of the models. Temperature 
efficiency ηtemp is defined as: 
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𝜂𝜂𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡 = 𝑇𝑇𝑝𝑝𝑝𝑝𝑝𝑝ℎ𝑝𝑝𝑒𝑒𝑒𝑒𝑝𝑝𝑒𝑒−𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒
𝑇𝑇𝑤𝑤𝑒𝑒𝑤𝑤𝑒𝑒𝑝𝑝𝑤𝑤𝑒𝑒𝑒𝑒𝑝𝑝𝑝𝑝−𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑒𝑒

 (2) 
 

Where 
ηtemp= Temperature efficiency, [-]  
Tpreheated= Temperature of the preheated water leaving the heat exchanger, [K] 
Tcold= Temperature of the cold water entering the heat exchanger, [K] 
Twastewater= Temperature of the wastewater entering the heat exchanger, [K] 
 
Tcold and Twastewater are known, and can be used together with the known or assumed efficiency 
ηtemp to calculate the resulting temperature of the preheated water. 
 
 
The temperature of a heat flow can be calculated if the mass flow is known. When water 
flows through the heat exchanger, the heat transmitted from the wastewater is assumed 
equal to the heat transmitted to the preheated water, which gives the equation (3):  
 

�̇�𝑄 = �̇�𝑚 ∗ 𝑐𝑐𝑡𝑡 ∗ 𝑇𝑇𝑤𝑤𝑤𝑤𝑡𝑡𝑡𝑡𝑤𝑤(3) 

Where 

�̇�𝑚 = mass flow of water, [kg/s] 

cp = specific heat capacity of water, [kJ/(kg*K)] 

T= Temperature of the water, [K] 

 

The temperature of the water can be calculated with equation (4): 

𝑇𝑇𝑤𝑤𝑤𝑤𝑡𝑡𝑡𝑡𝑤𝑤 = �̇�𝑄
�̇�𝑚∗𝑐𝑐𝑝𝑝

 (4) 

5.2 Heat exchangers 
Heat exchangers use the passive strategy of letting a warmer fluid deliver its heat to a colder 
fluid. High efficiency is reached by minimising the conductive resistance of the heat 
exchanger surfaces, and to maximise the areas of said surfaces (Abel & Elmroth, 2007).  

When the fluids (in this case water) meet on different sides of a thin barrier under steady-
state conditions, the heat flow from fluid 1 will be equal to the heat flow taken up by fluid 2. 
Then the heat transfer can be described by equation (5). 

�̇�𝑄 = 𝑚𝑚1̇ ∗ 𝑐𝑐𝑡𝑡1 ∗ ∆𝑡𝑡1 = 𝑚𝑚2̇ ∗ 𝑐𝑐𝑡𝑡2 ∗ ∆𝑡𝑡2  (5) 

Where 

�̇�𝑚 = mass flow of fluid 1 and 2, [kg/s] 

cp = specific heat capacity of fluid 1 and 2, [kJ/(kg*K)] 
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∆𝑡𝑡= Temperature difference of the media before and after the heat exchange [K] 

Whenever the heat flux is transient, that is when the mass flow, specific heat capacity or 
temperature difference on one or both sides are not constant, equation  (5) is no longer valid. 
This is the case in almost all applications in this study, with its quickly changing flows and 
temperatures. Still, it gives an approximation of the magnitudes of the heat flows. When the 
water flows are not constant, the heat exchanger will require warming up before it reaches its 
top efficiency. This warm up time should be as short as possible since the duration of water 
tapping is often short. 

The wetted area surface compared to fluid volume has a part in determining how efficient 
the heat exchange process will be (Jonsson, 2015). A small surface can transmit less of the 
heat in the flow, so the ratio between water volume and surface area should be small. In heat 
exchanger designs, pipes with a circular section are often used. The pipes will mostly be 
partly filled and the surface area per volume unit of water will vary with different volume 
flows, as shown in Figure 4. Filling a pipe from half-full to almost full will not increase the 
heat transfer area as much as the volume increases. Dimensioning the heat exchanger for the 
most commonly occurring flows will therefore make the most out of the heat exchanger’s 
capacity. 

 
Figure 4: Partly filled pipes.  A) 1/2 volume, 1/2 wetted perimeter B) 4/5 volume, 2/3 wetted perimeter  C) 1/5 volume, 1/3 
wetted perimeter 
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5.3 Wastewater heat exchangers 
Wastewater contains grease and particles, such as hair, soap, excrements and litter. A study 
of shower wastewater source heat pumps confirms that fouling occurs on the heat 
transferring surfaces, which reduces the efficiency of the heat recovery (Shen, Jijang, Yao, 
Deng, & Wang, 2013). Therefore, the need for cleaning must be taken into account when 
choosing a wastewater heat exchanger.  

This study will have a closer look at three types of heat exchangers: Horizontal wastewater 
pipe heat exchangers, vertical wastewater pipe heat exchangers and shower heat exchangers. 

 

Horizontal heat exchangers 

A horizontal heat exchanger installed in the cellar of a building, on the sewer pipe collecting 
all the water going out of a building, but it can also be installed elsewhere in the building or 
underground outside. Cold water for pre heating flows through a pipe in direct contact with 
the sewer pipe. Thermal insulation makes sure that most of the heat goes into the cold water 
instead of into the room air, as seen in Figure 5.  

 
Figure 5: Principle of a horizontal heat exchanger 

Due to the distance to the heat sources, the temperatures of the wastewater reaching the heat 
exchanger are often low, which makes it necessary to compensate the small temperature 
gradient with a large heat transfer area and long time of heat transfer. The capacity and size 
of the heat exchanger is large in order to get enough heat transfer area and the wastewater 
flow is slowed down and delayed to increase the time.  

Since the inside of the heat exchanger is a smooth pipe, there is no more risk for fouling or 
blocking than in a regular sewer pipe. 

The horizontal heat exchanger in this study is based on the model "CCF Spillvattenväxlare" 
shown in Figure 6. Temperature efficiencies vary between 15 and 40 % (Engelholm, 2015), 
and the modelled heat exchanger was assumed to work at an average efficiency of 20%. 
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Figure 6: Horizontal wastewater heat exchanger "CCF Spillvattenväxlare"  
Picture from Anton Engelholm, Inex internationell exergi AB 

 

Vertical heat exchangers  

Vertical heat exchangers are installed on the 
vertical sewer stacks and they exploit the 
effect of water forming a film on the inside 
surfaces of vertical pipes (RenewABILITY). 
This effect gives a large contact area between 
the wastewater and heat exchanger surface 
compared to the volume flow, which allows 
for high temperature efficiencies. The inside of 
the heat exchanger works like a regular sewer 
pipe, so just like with the horizontal heat 
exchangers there is no more risk for fouling or 
blockage than in any other sewer pipe.  

The cold water is led through spiral pipes 
along the central copper pipe, and thus heat is 
transferred into the colder water. This 
preheated water can then be used for 
preparation of domestic hot water or used 
directly as "cold" water supplying a room 
fixture. 

The vertical heat exchanger in this study is 
based on "Power Pipe" (Figure 7) which has 
been tested at the University of Waterloo. The 
temperature efficiency was determined to be 62.9%. For a description of the principles 
behind vertical heat exchangers, please see Figure 8. 

 

Figure 7: Vertical wastewater heat exchanger "Power-
Pipe". Picture from Anton Engelholm, Inex internationell 
exergi AB 
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Figure 8: Principle of a vertical heat exchanger 
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Shower heat exchangers 

A shower heat exchanger has the 
benefit of collecting the discharged 
water close to the source, where the 
temperature level is still high. This 
allows for a high temperature of the 
preheated water. The shower heat 
exchanger model in this study is 
based on a type called "Caruzo" 
(Figure 9) that has been tested by SP 

Technical Research Institute of 
Sweden. The temperature 
efficiency ηtemp was found to be 37.9% (Nordling, 2014). 

The heat exchanger is mounted in the bathroom floor or in the bottom of a shower cubicle. 
Figure 10 Shows the working principle of this model. A tray delays the warm shower water 
flowing to the drain, and a copper pipe coil supplying the cold water runs through the tray, 
where the cold water is heated by the shower discharge water (Törnqvist, 2015). The 
outgoing cold water is heated and used to mix the shower water. Warmer cold water means 
that less hot water is needed to attain the desired shower temperature. According to the 
manufacturer "every fourth shower is for free" (Törnqvist, 2015).   

 
Figure 10: Principle of a shower heat exchanger 

Figure 9: Shower heat exchanger "Caruzo". Picture from Lasse Törnqvist, ReCalor 
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Sanitary precautions 

Sanitation can never be compromised when using wastewater to heat tap water. The sewage 
must in no way be able to mix with the clean water, so keeping them separate is 
fundamental. This separation is best done by utilising two separate pipes for clean water and 
wastewater respectively. Another important aspect is the risk for blocking of wastewater 
pipes, which quickly can turn into sanitary problems, building damages and high 
maintenance costs. 

Water temperatures in the span 20 ⁰C~45 ⁰C can facilitate growth of the bacteria Legionella 
Pneumophila which can cause pneumonia if breathed in as a contaminated aerosol water mist. 
The temperature range 35 ⁰C-45 ⁰C is extra beneficial to the bacteria. Because of this risk, the 
domestic hot water temperature must be at least 50 ⁰C when it reaches the faucet (National 
Board of Housing, Building and Planning, 2014) and "Cold tap water installations shall be 
designed in such a way that the cold tap water cannot be heated accidentally" (National 
Board of Housing, Building and Planning, 2012). 

The preheated cold water must not increase the risk for Legionella Pneumophila growth. In 
shower heat exchangers and vertical heat exchangers, the water temperature could rise 
above 20 ⁰C close to the tap, but since the water is used as soon as it is heated, the risk for 
growth is small. Water standing in room temperature when not used will gradually 
approach the room temperature, heat exchanger or not, so the risk for growth shouldn't be 
any greater after the installation of a heat exchanger. In the case of the horizontal heat 
exchanger, the preheated water will be used for preparation of domestic hot water and 
heated to about 60 ⁰C, and can be considered safe to use. At that temperature level, 90% of 
the Legionella Pneumophila will die in less than 10 minutes (National Board of Housing, 
Building and Planning, 2014).   

5.4 Computer simulations of the system 
The computer models of the system were built up in the modelling and simulation 
environment STELLA v.10.6. Four models were created: one representing the current system 
or zero-alternative, and three additional models with one of the three studied types of heat 
exchangers built into each of them. The kitchen parts of the models were never used, since 
data on the routines and behaviour of the kitchen staff was deemed very important but could 
not be gathered within the time and scope of this study. Four time spans were run, in order 
to study both details and the greater context. The time spans were 1 day (24 h), 7 days (168 
h), 31 days (744 h) and 365 days (8760 h). The yearlong simulations turned out to be 
impossible to run due to the amount of computations. Each model was run 10 times, and the 
mean values of the results for energy flows, CO2 emissions and costs were used for the 
analysis. 

 

About STELLA and System Dynamic Modelling 

System dynamic modelling is an approach to understanding complex systems where 
multiple entities influence each other, which results in the system changing over time 
(Martin, 1997). In STELLA, these entities are represented as stocks, flows or converters, as seen 
in Figure 11. Stocks are entities with storage capacity, such as a bathtub or a heat exchanger. 
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Flows transport the energy, by water in pipes, by heat loss due to air convection and so on. 
Converters provide additional input to the functions such as constants, relationships or time 
schedules.  

 
Figure 11: Example of stocks, flows and converters in STELLA 

When the system entities are linked together, differential equations describing the flows and 
accumulation of energy are set up by STELLA. The state of the system changes over time, 
and is evaluated at each time step. In this study, the system state is simulated and evaluated 
five times per hour, which gives a time step of 12 minutes. This means, despite the method’s 
name system dynamic modelling, that the modelling is not truly dynamic, but instead quasi-
static. The 12 minute time step affects the resolution with which different activities in the 
building can be studied. Decreasing the time step for a more detailed resolution will increase 
the number of computations and hence require more computational power. Activity 
duration in this model is mostly set to be one time step. Showering is estimated to last those 
12 minutes, while washing in the sink corresponds to one minute of full flow spread evenly 
over the 12 minutes. A bathtub is filled in 12 minutes but the water stays for 30 minutes and 
cools down during this time. For more details about the duration of activities, please see 
Appendix B. 
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Current system model 

The model consists of six modules: Cold supply, Heating, Rooms, Spa, Kitchen and Main 
drainpipe, see Figure 12. The inputs and outputs of the modules are connected so that 
information can flow over the module boundaries. All activities are controlled from the taps 
in rooms, spa and kitchen. When water is used, it is accounted for in the Heating and Cold 
supply modules, as well as in the Main drainpipe module. The information is sent between 
the modules as indicated by the arrows in Figure 12. 

 
Figure 12: Top level of the model, showing connections between the different modules 

 

The different modules and sub modules of the model will be briefly explained here. 

 

Cold supply 

Cold water enters the building from the municipal main. The inputs are the total use of cold 
tap water in the building, as well as the cold water needed for preparation of domestic hot 
water. For this first study, the temperature of the incoming water is assumed to be a constant 
10 ⁰C but can later be replaced by a varying range of temperatures. 
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Heating 

Mimicking a district heating substation, this module (seen in Figure 13) provides the heat 
needed to heat incoming cold water up to 60 ⁰C, which is the distributing temperature for the 
domestic hot water. It also comprises a circuit for heating the pool water to 33 ⁰C. The heat 
outtake from the district heating supply is logged, to be used for calculation of costs and CO2 
emissions. The amount of cold water needed for production of domestic hot water becomes 
an input to the cold water supply module. Space heating in the hotel is supplied by the 
district heating system, but since the demand for space heating is not studied, the flow in the 

picture is an empty representation. 

Figure 13: District heating substation 
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Rooms 

The Rooms module (see Figure 14) contains four sub-modules: Shower, Bathtub, Sink and 
Toilet. Heat flows from the different appliances are collected in the room drain, and the 
volume flows in the drain are calculated in order to create additional output. The flows and 
stocks of this module are arrayed, i.e. multiplied to match the number of rooms in the hotel. 
There are 532 rooms, of which 243 have both bathtubs and showers. The remaining 289 
rooms have showers only. In the room module there is also a function that provides guests, 
with a 58% chance that there is a guest in a room each day, as 58% is the average percentage 
of rooms rented at the hotel presented in chapter 2.3. For model simplicity, the guests arrive 
and leave at midnight. 

Figure 14: Rooms module 

 

Activities in the room are governed by the likelihood of the guest being present. Showering 
most often occurs in the morning and evening, while the toilets are more or less used around 
the clock. Schedules consisting of factors between 0 and 1 affect the Poisson distributed 
probability of each activity depending on the hour, see Appendix C. As mentioned in 
chapter 2.3, the behaviour of the guests and staff is based on the experiences of the hotel 
service technician Robert Mannström (2015), and the author's assumptions. 
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Spa 

The spa module consists of four sub modules, as shown in Figure 15: Showers, Pool, Sinks 
and Toilets. There are 10 showers, 8 toilets, 8 sinks and one pool. 

Figure 15: Spa module 

 

A schedule is governing the likelihood of using the different spa functions, so that showers, 
toilets and sinks are only used during opening hours. Just like in the Rooms module, the use 
is Poisson distributed.  

Every other night, the pool filters are cleaned by backflushing with cold water. In this 
process, no water leaves the pool. Once per week, a part of the heated pool water is replaced. 
These functions are governed by schedules.  

The outdoor part of the pool is covered while the spa is closed, which diminishes the 
evaporative cooling. 

 

Kitchen 

Since the kitchen was taken out of this study, it will only be briefly described. Three modules 
make up the kitchen: Dishwasher, Potwashing and Kitchen sink. The dishwasher and 
potwasher are emptied manually several times every day. Sinks are used for the prearation 
of food, and for washing hands and dishes. Other important parts of the wastewater from 
the kitchen comes from cooking pots, ovens and cleaning, but these sources are not 
represented in the model. 
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Main drainpipe 

All discharged water from the hotel activities is collected in the main drainpipe, see Figure 
16. This module represents the sewer pipe going from the building to the municipal main. 

 

  

Figure 16: Main drainpipe module 
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Heat exchanger models 

Models of the three different types of heat exchangers were built into copies of the current 
system model, to create systems with heat recovery. 

 

Horizontal heat exchanger 

A horizontal heat exchanger is installed on the Main drainpipe, as shown in Figure 17, and 
coupled to the incoming cold water headed for preparation of domestic hot water. The 
preheated cold water flow is sent to the Heating module. If the heat of the wastewater is 
insufficient for preheating the cold water, it will stay at the supply temperature of 10 ⁰C. 

 
Figure 17: Horizontal heat exchanger on Main drainpipe 
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Vertical heat exchanger 

The vertical heat exchangers are placed on the stacks collecting wastewater from the hotel 
rooms, see Figure 18 and 19. In practical applications, it is common to have one vertical heat 
exchanger serving two or three apartments, but for model simplicity it is here assumed that 
every room has its own heat exchanger. This means that the benefit of letting the water from 
the top floors pass more than one heat exchanger is forfeit. The heat exchanger is assumed to 
be warm and working at its top efficiency as soon as there is a sufficient flow of wastewater. 

The incoming cold water is pre-heated before it enters the room, see Figure 19. When there is 
none or too little heat flow through the heat exchanger, the cold water temperature will 
remain at its initial 10 ⁰C. 

 
Figure 18:Placement of the vertical heat exchanger                 Figure 19: Vertical heat exchanger module 
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Shower heat exchanger 

The shower heat exchanger was built directly into the shower module of the rooms and spa, 
as shown in Figure 20. Heat from the warm shower water is transferred to the incoming cold 
water. The outgoing cold water goes into the shower mixer, and hence only heats the 
incoming cold water to the shower. The other appliances in the room will get the initial 10 ⁰C 
supplied from the main. The heat transfer is assumed to start as soon as the shower is turned 
on, thus neglecting the start up time needed for the heat exchanger to get warm and reach its 
top efficiency. 

 

Figure 20: Shower heat exchanger 
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5.5 Energy savings 
Simulations of the systems with installed heat exchangers are compared to the simulations of 
the current system. Any difference in energy demand between the models will be a result of 
the installation of heat exchangers. 

5.6 CO2 emission analysis 
Quantifying and displaying the CO2 emissions associated with an object or activity is often 
called carbon footprint analysis. This is a process that evaluates all direct and indirect 
emissions of greenhouse gases (GHG) from a commodity, a geographic area or a business, 
and presents them as CO2 equivalents (Pandey, Agrawal, & Pandey, 2010). Direct emissions 
occur as a direct consequence of activities in the production of e.g. a service. It could be the 
emission of GHG from local oil combustion in a building’s own boiler. The indirect 
emissions on the other hand occur somewhere else, as is the case with the heating of Clarion 
Hotel Stockholm, where the heat is delivered from external heating plants through the 
district heating grid.  

A review of Life Cycle Assessment (LCA) studies in the building sector by Cabeza et al 
(2014) concludes that 80-85% of the lifecycle energy utilization of most buildings come about 
during the operational phases. 

The system boundary of this carbon footprint analysis is drawn around the production of 
domestic hot water in Clarion Hotel Stockholm. Inputs of energy from the district heating 
system and output from wastewater heat recovery are taken into consideration. The heat for 
both space heating and domestic hot water is delivered by the company Fortum, and their 
environmental accounting is used to assess the indirect CO2 equivalent emissions. Some 
heating of water in the hotel is done by other means than district heating, such as electricity 
or gas. This mainly happens in the kitchen during cooking and dishwashing. The emissions 
from the kitchen’s use of electricity and gas were not taken into account in the modelling, 
even though some of the energy ends up in the sewage. During the process of modelling, it 
was decided not to analyse any flows from the kitchen. 

The CO2 equivalent calculations are based on average values derived from Fortum’s annual 
production (Fortum Värme, 2015:3) and the hotel’s annual use (Fortum Värme, 2015:4). Both 
sources cover the year 2014, which was a relatively warm year with a mild winter. An 
average CO2 equivalent load of 76 g per kWh was used for quantifying the greenhouse gas 

emissions, see Appendix A.  

In the model, the CO2eq emissions are based on the energy utilisation in the Heating 
module, as shown in Figure 13. 

5.7 Cost calculations 
Costs are calculated based on the energy demand in the models, as shown in Figure 13. An 
average cost of 0.74 SEK per kWh was derived from the energy use and cost of 2014 (Fortum 
Värme, 2015:4). 

The result can be used as an input for investment return time calculations. 
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6 Results 
Running the schematic model of the domestic hot water and wastewater systems results in a 
principal graph of the heat discharged to the municipal sewers. A 24 hour run is shown in 
Figure 21 below, with peaks in discharged heat in the morning and evening, when the 
showers are used most intensively. These peaks are also present in the outtake of heat from 
the district heating substation shown in Figure 22. The general behaviour of the system is 
depicted in the simulation data. The shape of the curves corresponds to the building service 
technician’s experience of the domestic hot water use. This can be used as a foundation for 
mathematical modelling in the planned licentiate study. 

 
Figure 21: Schematic simulation of heat discharged with the wastewater from Clarion Hotel Stockholm during 24 hours, 
based on the current system. 
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Figure 22: Heating outtake from district heating substation over the same 24 hours as in figure 17, current system 

 

Effects of heat recovery 

The model of the shower heat exchanger showed a decrease by 26.5% in the heating demand 
for domestic hot water, which corresponds well with the manufacturer’s estimations. The 
other heat exchanger models did not produce results any different from the current system, 
which shows that the models need improvement before they can produce reliable results. An 
example of the data obtained from a run of the current system model is enclosed in 
Appendix D.  

Right from the start of the simulations it was clear that activities in the hotel rooms dominate 
the use of hot water and sewage discharge. During 24 hours, the rooms were the source of an 
average 94% of all heat discharged from the building, as seen in Appendix E. 
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7 Discussion 
The results of the simulations did not hold for any quantitative analysis. Since the energy use 
was not correctly represented, no reliable results can be achieved in terms of the cost and 
CO2 equivalent emissions. However it is still possible to make qualitative assessments of the 
heat exchangers investigated. 

7.1 Heat exchangers 
 

Horizontal heat exchanger 

A horizontal heat exchanger installed on the main sewer pipe in the building has the 
advantage of collecting all water that has been used in the building; all the heat passes 
through it. On the other hand, the temperature of the wastewater is not very high, since the 
water has cooled down while running through the system, and high quality ho water has 
been mixed with colder water. The low temperature gives a low temperature efficiency, but 
the fact that no water slips through without passing the heat exchanger might give a 
satisfactory system efficiency. The preheated water is led to the domestic hot water 
preparation, and does not have to be used immediately. With many rooms connected to the 
heat exchanger there will almost always be a flow to the boiler, which can take up the 
recovered heat. 

The heat exchanger is easy to install and requires very little maintenance, but during the 
installation the whole system must be shut down. The lack of empirical data on this type of 
heat exchanger makes it a somewhat risky investment, since the dimensioning and 
investment return time cannot be predicted accurately. 

 

Vertical heat exchanger 

A vertical heat exchanger is installed quite close to the source and can therefore recover the 
heat at a high temperature. The result is a high temperature efficiency. The type of 
installation modelled here, with direct feedback to the rooms, requires the preheated water 
to be used immediately to have an energy saving effect. If warm water is drained from a 
bathtub and no warm water is used at the time, the bathwater will take all of its heat with it 
to the sewers. The preheated cold water will go to all bathroom fixtures, which can make it 
difficult to get cold drinking water when hot water is used somewhere else. 

Installation of vertical heat exchangers on the wastewater sewer stacks is a bit complicated 
when access to the stack goes through apartments or hotel rooms. The entire stack must not 
be used during the installation. 

 

Shower heat exchanger 

Shower heat exchangers are easy to install in shower cubicles, but more difficult to install in 
a pre existent concrete floor. The floor drain must be widened to accommodate the heat 
exchanger's collector tray. Floor installations on a greater scale are most feasible when 
renovating or rebuilding the bathroom. 
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The heat recovery is done very close to the source, which allows good temperature 
efficiencies, but the recovered heat must be used immediately. The heat exchanger will only 
recover heat from the shower drain, while the rest of the warm wastewater will be 
unaffected by the heat recovery. 

There are no data available on the fouling of the heat exchanger surfaces. The coiled copper 
pipe increases the risk for blockage compared to a regular floor drain. 

7.2 Heat exchangers at Clarion Hotel Stockholm 
While the investment costs and return times have not been evaluated, the different models of 
heat exchangers are more or less practical when it comes to installation and maintenance at 
the hotel.  

Installation of heat exchangers requires a shutdown of the whole or parts of the wastewater 
system. This is equal to shutting down business in the affected parts of the hotel during the 
installation. A horizontal heat exchanger on the main drainpipe would require the whole 
hotel to cease activities that involve water. On the other hand this would only have to be 
done once. The shower heat exchangers and vertical heat exchangers could be installed one 
by one, which would only require partial shutdowns, but the total installation time would be 
extensive. To decide a course of action, the economic effects of shutdowns must be taken into 
account. 

The horizontal and vertical heat exchangers hardly require more maintenance than an 
ordinary wastewater pipe. The shower heat exchangers must be cleaned at least as often as 
the ordinary floor drains, and the cleaning work is more time consuming. 

7.3 Methods 
 

Computer modelling 

STELLA 10.6. and system dynamic modelling are very comprehensive and user friendly. The  
inexperienced user can quickly create a working model and see the results in animations and 
tables. The model stability is however challenged as the models grow, which they readily do. 
Larger models will very soon require more computational power and RAM. This leads to the 
question of whether STELLA is a simulation environment that is fit for close simulation of 
longer periods of time in complex system.  

The instability and model size can probably be improved with more advanced 
programming, but then the user-friendliness is suddenly impaired. 

The models' tendency to grow fast in complexity together with the sprawling system layouts 
makes it difficult for the inexperienced user to keep track of which change led to what result, 
and makes debugging unnecessarily tedious.  
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8 Conclusions 
This pre-study has explored a part of the domestic hot water and wastewater systems of 
Clarion Hotel Stockholm. We found that the hotel rooms discharge the main part of the 
wastewater, while the spa plays a very minor part. Therefore, the greatest effort should be 
put into heat recovery from the room drains. The kitchen was not part of the simulation, and 
its heat flows should be investigated further. 

The simulation of the system with shower heat exchangers  points in the direction of possible 
cost savings and a shrinking carbon footprint, but further modelling efforts are needed 
before they can be quantified. 

Using STELLA for modelling the water systems works fine on a general level, but more 
advanced mathematical modelling will result in very time consuming simulations and 
demand very much computational power. 

9 Suggestions for further studies 
A continuation of the studies of wastewater heat exchangers and their impacts on the energy 
utilisation in buildings is planned to start in the fall of 2015 as part of a licentiate degree 
project. Long term studies of installed heat exchangers' performance, benefits and risks will 
be conducted. The effects of film build up on the heat exchanger surfaces will be studied. 
Based on the data obtained, prediction and visualisation models will be developed. The 
studies will include passive heat exchangers as well as brine-coupled recharging of 
geothermal boreholes. On the building system level different types of heat exchangers will 
be combined with heat storage as well as heat pumps in order to optimise the heat recovery 
and find lifecycle cost effective solutions. 

Empirical data on heat exchanger performance will open up new possibilities for 
dimensioning of heat exchangers, prediction of energy and cost savings, as well as prediction 
of CO2eq emission decreases. Computer modelling of wastewater heat exchangers can be 
done on the basis of future empirical data. These models should not stop at quantifying the 
energy demands, but instead they should be used to optimise the heat flows with regard to 
exergy. 

For the study of carbon footprint, a consequential Life Cycle Assessment should be 
performed on lowering power outtake peaks by installation of wastewater heat exchangers. 

At Clarion Hotel Stockholm the first steps forward should be to measure and log the flows 
and temperatures of domestic hot water and wastewater. Not only the rooms and spa should 
be investigated, but also the kitchen. An additional study of the routines and behaviours in 
the kitchen could prove useful in the continued efforts to decrease CO2 emissions and 
operational costs.  
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Appendix A 

Model parameters 
   

    
    Module and parameter 
names Value Unit Description 
        
Temp hot 60 ⁰C Temperature of domestic hot water 
Temp cold 10 ⁰C Temperature of cold tap water 
        
Heating       
Cost per kWh 0.74 SEK Year mean cost per kWh 
CO2 emission factor 76 g/kWh Year mean CO2eq per kWh used 
        
Room       
Room temp 22 ⁰C Air temperature in the room 
Shower temp 38 ⁰C Desired shower temperature 
Sink temperature 38 ⁰C Desired hand washing temperature 
Bath temp 38 ⁰C Starting bath temperature 

Shower cooling 5 ⁰C 
Shower temp drops 5 ⁰C from showerhead to 
floor 

Sink cooling 5 ⁰C 
Hand vashing temp drops 5 ⁰C from faucet to 
drain 

Bathtub cooling variable   Convective and evaporative cooling 
Toilet warming variable   Toilet tank water approaches room temperature 
        
Spa       
Room temp 28 ⁰C Spa air temperature 
No of spa guests 20 ±5 people Normal distributed during opening hours 
        
Horizontal heat exchanger       
eta 0.2 - Assumed temperature efficiency 
        
Shower heat exchanger       
eta 0.379 - Measured temperature efficiency 
        
Vertical heat exchanger       
eta 0.629 - Measured temperature efficiency 
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Appendix B 

Model activity 
duration 

 
  One timestep DT=0.2 
hours 

 
  Activity Duration 
Showering DT 
Bathing 0.5 h 
Washing hands 1 min 
Guest staying in a room 24 h 
Pool backflushing DT 
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Appendix C 
Schedules 

Spa opening hours 9-20 
          
      Room guests arriving 

00.10 
      Room guests leaving 

23.50 
      

        
        Time dependent 
showering Time dependent bathing Time dependent washing Time dependent use 
            (toilets)   
Hour Chance Hour Chance Hour Chance Hour Chance 

0 0.4 0 0 0 0.2 0 0.4 
1 0.1 1 0 1 0.1 1 0.3 
2 0 2 0 2 0 2 0.3 
3 0 3 0 3 0 3 0.3 
4 0.1 4 0 4 0.1 4 0.3 
5 0.2 5 0 5 0.2 5 0.3 
6 0.5 6 0 6 0.5 6 0.7 
7 1 7 0 7 1 7 1 
8 1 8 0 8 1 8 1 
9 0.7 9 0.2 9 0.7 9 1 

10 0.4 10 0.2 10 0.4 10 0.7 
11 0.2 11 0.2 11 0.2 11 0.2 
12 0.2 12 0 12 0.2 12 0.2 
13 0.2 13 0 13 0.2 13 0.2 
14 0.2 14 0.2 14 0.2 14 0.2 
15 0.3 15 0.4 15 0.3 15 0.5 
16 0.3 16 0.6 16 0.3 16 0.6 
17 0.5 17 0.6 17 0.5 17 0.7 
18 0.7 18 1 18 0.7 18 0.8 
19 0.6 19 1 19 0.6 19 1 
20 0.8 20 1 20 0.8 20 1 
21 0.7 21 0.8 21 0.7 21 1 
22 0.5 22 0.4 22 0.5 22 1 
23 0.4 23 0.2 23 0.4 23 1 
24 0.4 24 0 24 0.2 24 0.4 
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Appendix D 
Example of simulated data. Please note that there is a flaw in the model that leads to 
unreasonable energy demands. 

Energy use in 24 hours, current system compared to system with shower heat exchangers installed 
  

    
  

Run Current system, kWh Shower heat exchanger, kWh Decrease, %     
1 745085213.7 565803938.7 24.1 

 
  

2 780458643.6 590603937.7 24.3 
 

  
3 807659376.3 569316122.2 29.5 

 
  

4 797069182.8 565262133 29.1 
 

  
5 819840438.4 550198444.3 32.9 

 
  

6 747206371.8 594999591.6 20.4 
 

  
7 721986426.4 614882533.7 14.8 

 
  

8 793419543.2 516522288 34.9 
 

  
9 794807654 568688754.6 28.4 

 
  

10 780053128.1 586479542.9 24.8 
 

  
  

    
  

            
Mean value 778758597.8 572275728.7 26.5 

 
  

            
 

  

39 
 



  

Appendix E 
Comparison of heating power discharged from rooms and total heat discharged from the 
building. Please note that the date cannot be used for any further analysis due to inaccuracies 
in the modelling. 

 

Time, h 
Main drainpipe.Discharged heat, 
kW 

Rooms.Room out, 
kW 

Rooms % of 
total 

0.0 0 0 0.0 
0.2 107165.79 107165.79 100.0 
0.4 280894.29 280894.29 100.0 
0.6 880507.27 880507.27 100.0 
0.8 536473.27 536473.27 100.0 
1.0 107681.23 107681.23 100.0 
1.2 321909.73 321909.73 100.0 
1.4 385812.61 385812.61 100.0 
1.6 449731.99 449731.99 100.0 
1.8 814357.04 814357.04 100.0 
2.0 300861.38 300861.38 100.0 
2.2 300827.6 300827.6 100.0 
2.4 515132.16 515132.16 100.0 
2.6 451125.2 451125.2 100.0 
2.8 236776.31 236776.31 100.0 
3.0 707051.09 407913.62 57.7 
3.2 348204.03 257556.31 74.0 
3.4 606513.85 579044.84 95.5 
3.6 480195.9 471871.96 98.3 
3.8 367222.91 364700.5 99.3 
4.0 150364.38 150364.38 100.0 
4.2 407872.78 407872.78 100.0 
4.4 686186.82 686186.82 100.0 
4.6 86370.18 86370.18 100.0 
4.8 260096.81 260096.81 100.0 
5.0 194338 194338 100.0 
5.2 259167.8 259167.8 100.0 
5.4 495543.77 495543.77 100.0 
5.6 172210.83 172210.83 100.0 
5.8 730203.41 730203.41 100.0 
6.0 707658.32 707658.32 100.0 
6.2 1353094.8 1353094.8 100.0 
6.4 452278.14 452278.14 100.0 
6.6 734374.04 734374.04 100.0 
6.8 1163040.25 1163040.25 100.0 
7.0 1246826.23 1246826.23 100.0 
7.2 972175.49 972175.49 100.0 
7.4 1149086.74 1149086.74 100.0 
7.6 2094112.15 2094112.15 100.0 
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7.8 1132703.94 1132703.94 100.0 
8.0 1093561.29 1093561.29 100.0 
8.2 1331114.3 1331114.3 100.0 
8.4 1421228.83 1421228.83 100.0 
8.6 1934415.25 1934415.25 100.0 
8.8 1978388.79 1978388.79 100.0 
9.0 1655069.68 1655069.68 100.0 
9.2 1435907.57 1374481.63 95.7 
9.4 1646658.65 1585232.71 96.3 
9.6 1664599.14 1603173.21 96.3 
9.8 1236203.85 1236203.85 100.0 

10.0 1159469.21 1159469.21 100.0 
10.2 583187.63 521761.7 89.5 
10.4 735516.14 674090.2 91.6 
10.6 1198894.13 1076042.26 89.8 
10.8 1312393.11 1250967.17 95.3 
11.0 456308.67 456308.67 100.0 
11.2 300746.21 300746.21 100.0 
11.4 579822.78 518396.84 89.4 
11.6 153044.46 153044.46 100.0 
11.8 216490.16 216490.16 100.0 
12.0 363845.27 302419.34 83.1 
12.2 599643.11 538217.17 89.8 
12.4 191307.19 129881.26 67.9 
12.6 507303.64 323025.83 63.7 
12.8 340965.63 279539.7 82.0 
13.0 493626.74 493626.74 100.0 
13.2 289577.05 65774.63 22.7 
13.4 215763.01 215763.01 100.0 
13.6 458621.06 151491.38 33.0 
13.8 571683.36 387405.56 67.8 
14.0 614479.24 430201.44 70.0 
14.2 194757.29 194757.29 100.0 
14.4 301676.96 301676.96 100.0 
14.6 273985.7 151133.83 55.2 
14.8 375228.92 313802.98 83.6 
15.0 675763.2 675763.2 100.0 
15.2 813560.38 752134.44 92.4 
15.4 638198.54 515346.67 80.8 
15.6 568940.14 345137.71 60.7 
15.8 1396744.51 1396744.51 100.0 
16.0 598837.56 598837.56 100.0 
16.2 1514707.47 1391855.6 91.9 
16.4 876573.16 876573.16 100.0 
16.6 983532.25 983532.25 100.0 
16.8 661901.7 600475.76 90.7 
17.0 750689.71 750689.71 100.0 
17.2 340134.01 340134.01 100.0 
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17.4 1781237.44 1474107.76 82.8 
17.6 881784.9 881784.9 100.0 
17.8 1730452.5 1546174.69 89.4 
18.0 1085320.28 962468.41 88.7 
18.2 856888.34 856888.34 100.0 
18.4 917980.03 917980.03 100.0 
18.6 1042821.3 981395.36 94.1 
18.8 819376.4 635098.6 77.5 
19.0 1325845.55 1141567.74 86.1 
19.2 1434842.08 1373416.14 95.7 
19.4 1758969.97 1636118.1 93.0 
19.6 1199442.56 1037066.07 86.5 
19.8 1107387.86 1107387.86 100.0 
20.0 2121859.37 2121859.37 100.0 
20.2 985303.03 985303.03 100.0 
20.4 631798.82 631798.82 100.0 
20.6 1895100.54 1895100.54 100.0 
20.8 1330958.93 1330958.93 100.0 
21.0 2085935.12 2085935.12 100.0 
21.2 1603269.61 1603269.61 100.0 
21.4 2477260.4 2477260.4 100.0 
21.6 1441034.74 1441034.74 100.0 
21.8 1265368.69 1265368.69 100.0 
22.0 1254869.34 1254869.34 100.0 
22.2 1235798.95 1235798.95 100.0 
22.4 1660561.07 1660561.07 100.0 
22.6 1171840.94 1171840.94 100.0 
22.8 1423183.23 1423183.23 100.0 
23.0 1471747.05 1471747.05 100.0 
23.2 1036628.62 1036628.62 100.0 
23.4 1531604.97 1531604.97 100.0 
23.6 256628.33 256628.33 100.0 
23.8 0 0 0.0 

Mean percentage 
 

94.0 
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