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Abstract: Falling-film drain water heat recovery (DWHR) systems are heat exchangers utilized in
residential buildings for recovering energy from greywater. A recent publication by the authors
contained a validated model that can be used to predict the performance of DWHR heat exchangers
under variable flowrates and temperatures, and this work shows the implementation of the model into
Transient System Simulation Tool (TRNSYS) software to perform energy simulations. This work aims
to show the different plumbing configurations in which DWHR heat exchangers could be installed,
and to simulate their performance under various conditions. The results show that plumbing
configuration has a significant impact on energy savings expected from DWHR heat exchangers, and
maximum savings are achieved in equal-flow configuration. However, other plumbing configurations
provide significant savings, and the mains temperature could dictate which configuration provides
higher energy savings.

Keywords: falling-film drain water heat recovery; heat exchanger; TRNSYS; energy simulations;
variable plumbing configuration

1. Introduction

Since 2000, water heating has consistently been the second largest contributor to the
total energy consumption in residential buildings in Canada. In the year 2018, 281.3PJ of
energy consumed in the Canadian residential sector was attributed to water heating; this
represents 17.4% of the total energy consumption and 19.2% of greenhouse gas emissions [1].
Similarly, domestic water heating accounted for 14.8% of the total energy consumption in
the residential sector in Europe [2]. Evidently, hot water usage is a significant part of modern
housing, and seeking to reduce its impact on the environment is worth investigating.

According to a recent study by Chen et al., an estimated 34.8% of total hot water used
in residential buildings within the United States is attributed to showers [3]. Furthermore,
on average, drain water holds 80-90% of its thermal energy relative to the mains water
supply temperature [4]. Clearly, a significant amount of energy that is consumed towards
domestic water heating is not fully utilized during showers, which presents an opportunity
to use heat exchangers to recover thermal energy from greywater in residential buildings.
This work focuses on the most common type of heat exchanger used for this purpose,
namely Falling-Film Drain Water Heat Recovery (DWHR) units.

DWHR heat exchangers consist of a large diameter drainpipe which is wrapped tightly
with a coil of smaller tubes. The drainpipe and the tubes are both made of copper. Figure 1
presents a selection of commercially available DWHR heat exchangers, highlighting varia-
tions in length, diameter, and coil design for different units. During operation, greywater
goes down the drainpipe portion of the heat exchanger, which has a diameter matching
the size of the drain stack it replaces. Concurrently, mains water is circulated within the
coiled tubes wrapped around the drainpipe which recovers heat from greywater. These
heat exchangers are designed to be installed vertically, which implies that greywater forms
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a falling-film as it traverses down the drainpipe [5]. This falling-film of water ensures
that the entire inner surface area of the drainpipe is covered in water, thus providing
the heat transfer area for heat recovery to occur. It is worth noting that horizontal de-
signs for such heat exchangers do not rely on a falling-film, and according to a study by
Ravichandran et. al., horizontally installed heat exchangers have lower efficiencies than the
ones installed vertically [6]. This study only considers heat exchangers that are designed
and rated for vertical installation.
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Figure 1. Common designs for falling-film drain water heat recovery (DWHR) heat exchangers.

DWHR systems can be installed in different configurations. Figure 2 shows three
variations (A, B and C) which are simplified to only contain a DWHR heat exchanger in
addition to a showerhead for water-draw purposes, and each showerhead is equipped with
a thermostatic mixing valve. Figure 2A depicts a system where all preheated water from
the DWHR system goes to the water heater, Figure 2B depicts a system where all preheated
water goes to the mixing valve at the showerhead, and Figure 2C shows a combination of
the two previous cases. Lastly, Figure 2D is provided to show the same plumbing system
without a DWHR heat exchanger installed.
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Figure 2. Possible plumbing configurations for DWHR systems in a residential building: (A) depicts
a system where all preheated water from the DWHR heat exchanger is fed to the water heater;
(B) depicts a system where all preheated water is fed to the mixing valve at the showerhead; (C) is
a combination of (A) and (B); and (D) shows the same plumbing system without a DWHR heat
exchanger installed.
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Configuration C depicts equal flowrates of water through both sides of the heat ex-
changer, whereas configurations A and B depict unequal-flow conditions. The performance
of DWHR systems is a strong function of flowrates [7] and based on the configurations
shown, the flowrate of water through the heat exchanger coils is expected to vary based on
plumbing configuration to provide the same temperature at the showerhead.

Researchers have been focused on simulating the performance of DWHR heat ex-
changers under equal-flow arrangements (i.e., config C). This is because the data available
on the performance of DWHR heat exchangers is limited to the effectiveness data gathered
during the CSA rating process [8]. The rating system is meant to provide a means for
comparing different DWHR heat exchangers on an equal basis; it does not and cannot
provide any accurate estimates for different configurations in which a heat exchanger could
be installed. A study by Slys and Kordana discusses the process for estimating the energy
savings associated with different plumbing configurations and highlights the numerous
assumptions that need to be made for such calculations [9]. In their work, the authors did
not have access to a system model that accounted for varying heat exchanger effectiveness.
Without having a model that accounts for the changing effectiveness for the system, there is
no way to compare the results numerically or experimentally. This highlights the need for
further studies with models that do not rely on assumptions such as a constant effectiveness
for the heat exchanger.

It is worth noting that despite being the only configuration covered in standards,
configuration C is not always an option, especially in retrofit settings where the plumbing
has already been installed and additional modifications are costly. Furthermore, local
building codes can impose limitations on which configurations are allowed. For example,
configurations B and C are not permitted in Québec, Canada [10]. This restriction is due
to the possibility of bacteria growth, such as Legionella, in preheated water that bypasses
the water heater. In other words, only plumbing setups in which all preheated water is
directed to the water heater are allowed, and that limits the allowable configurations to
what was shown in Figure 2A. Clearly, assuming that DWHR heat exchangers are always
installed and operated under equal-flow conditions is incorrect, and potentially against
local codes. Thus, building simulation models must be created to predict performance of
such heat exchangers under unequal-flow conditions.

1.1. Model

A series of studies were undertaken at the University of Waterloo to address the
limitations in modelling of DWHR systems. Most notably, the impact of varying inlet tem-
peratures [11] and inlet flow rates [12] were empirically characterized, and the combination
of all studies were compiled into a model that can predict the performance of a DWHR heat
exchanger under steady-state conditions. A recent publication covers the development and
validation of the model in detail [13]. The model is validated experimentally and the mean
absolute error between model predictions and experimental results is less than 3% for a
total of 135 different validation cases performed in the study. The validation temperatures
range from 4 to 50 °C, and the volumetric flow rates range from 4 to 20 L/min.

A detailed description of the model and the principles on which those models are based
are not repeated here; instead, this study aims to use the aforementioned model to perform
energy simulations for DWHR systems installed in configurations depicted in Figure 2.
To this end, the model is implemented into Transient System Simulation Tool (TRNSYS)
software as a component and used in simulations described in the following sections.

1.2. TRNSYS

TRNSYS was selected as suitable software for simulations because it allows the per-
formance of simulations while accounting for transient behaviour in components such as
water heaters. Transient behaviour of DWHR systems is currently being studied and will
be added to model in the future.
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A TRNSYS simulation works by allowing interaction between different ‘components’
on a timestep-by-timestep basis, and this time step is selected by the user at the beginning
of each simulation. Each component consists of ‘parameters’ and ‘inputs” which are used
to generate ‘outputs’ for the components for each time step.

Parameters are relevant values that are used by TRNSYS to simulate a component
throughout the simulation period. Parameters are independent of time and remain the same
throughout the modelling process. In the context of the DWHR component in TRNSYS, the
size of the heat exchanger is a parameter in the simulations. On the other hand, inputs to
the simulation are variables that can change as a function of time. The inputs to the DWHR
component include the inlet water temperatures and flowrates to the heat exchanger. The
simulation then uses the inputs and parameters to generate outputs for the component for
each time step. The outputs for the DWHR component include the heat recovery rate, heat
exchanger effectiveness, and the outlet temperatures for both streams. A summary of the
parameters, inputs, and outputs for the DWHR component are shown in Table 1.

Table 1. Parameters, inputs, and outputs associated with the DWHR component created in Transient
System Simulation Tool (TRNSYS) software.

Type Variable Name Unit Notes
a min/L Regression coefficients taken from the
Parameter - - characteristic effectiveness curve for the
b Dimensionless DWHR unit being simulated.
T °C Inlet water temperature to the coils
Ty,i °C Inlet water temperature to the drainpipe
Input Mepils kg/s Mass flowrate of water through the coils
. Mass flowrate of water through the
Mdrain kg/S drainpi
pipe
Teo °C Outlet water temperature from the coils
o Outlet water temperature from the
Ty, C S
Output ’ drainpipe
q kw Heat recovery rate
€ Dimensionless Heat exchanger effectiveness

Parameters a and b are regression coefficients that are taken from the characteristic
effectiveness vs. flowrate curve that is generated during the rating process under the CSA
B55.15 standard [8]. Figure 3 shows an example of this characteristic curve, where parame-

ters a and b are determined to be 0.0685 min/L and 1.2796, respectively, and V denotes the
volumetric flow rate in L/min. The TRNSYS component uses these parameters and the
inputs assigned by the user to calculate outputs for each time step.
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Figure 3. Equal-flow effectiveness vs. volumetric flowrate for a 7.6 cm diameter, 153 cm long DWHR
heat exchanger.
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2. Materials and Methods

The energy savings associated with a DWHR heat exchanger is highly impacted by
the way it is installed in a particular home, and the conditions it is subjected to within
the dwelling. The plumbing system within a house is impacted by local codes, the mains
temperature depends on the location, and the duration for shower events is decided
by the occupants. There are many possibilities for the conditions that a DWHR heat
exchanger could be subjected to, and to allow comparison for energy savings under different
conditions, a baseline must be established to provide consistency. This baseline is created
based on Figure 2 for different plumbing configurations, but prior to running simulations,
important simulation constraints, such as the shower condition, the water heater, and the
water-draw schedule, must be selected. These key constraints will be discussed.

2.1. Shower Condition

A shower temperature of 38 °C was selected for all shower events. This temperature
is based on the temperature used for rating all DWHR systems according to the CSA
standard [8].

The flowrate of water through the showerhead is expected to have a significant impact
on simulation results, as it would affect both the energy consumption by the water heater,
and the energy recovery by the heat exchanger. It is difficult to select one showerhead
flowrate to represent all households, as there are many fixtures available on the market,
each having its own rated flowrate. In a typical dwelling, this flowrate is also affected by
the available water pressure in the plumbing system. Hence, to simplify the matter, three
flowrates were selected based on the range of flowrates prescribed by the CSA standard to
represent showerheads having low, typical, and high flowrates. These flowrates are 5.5, 9.5
and 14 L/min.

The water draw schedule was chosen for a family of three, with three shower events per
day, as noted in Table 2. Shower durations are highly subjective, and the chosen durations
were meant to cover both reasonably short and long showers. As these simulations are
focused only on savings associated with shower events, no other water draws were added
to the daily water-draw schedule. To accommodate the water draws from Table 2, a typical
182 Litre (40-gallon) electric water heater was selected for simulations. The tank volume
was found to be sufficient to accommodate all shower durations at all flowrates without
depleting the tank. In other words, the shower temperatures do not drop below 38 °C
during shower events.

Table 2. Start times and durations for shower events used in the simulations.

Shower Event # Start Time Duration
1 6:00 AM 6 min
2 7:00 AM 15 min
3 8:00 PM 9 min

2.2. Electric Water Heater

There are multiple water heaters available for simulation in TRNSYS, and it was crucial
to select one that has been validated experimentally. An in-depth study by Allard et al.
focused on validating different electric water heaters used in TRNSYS, and the results
showed that TRNSYS “Type 534’ accurately depicts the variables of interest, namely the
energy consumption and supply temperature during simulations [14]. Type 534 simulates
the tank using a nodal approach while accounting for stratification effects. Hence, Type 534
was selected for simulation purposes. This tank was divided into 50 nodes for the simu-
lations, which exceeds the minimum number of nodes recommended by Kleinbach et al.
per Equation (1) [15]. Here, Npxgp denotes the minimum number of nodes in the tank,
and TankTyrnover is the ratio of daily water draw and total tank volume. Tankry,oper Varies
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based on the showerhead flowrate used in the simulation; hence, Nr;xgp was calculated
for all flowrates. As a result, the tank was divided into 50 nodes, as this number of nodes
satisfies the minimum number of nodes required for all flowrates and having a consistent
number of nodes in the tank for all simulations allows fair comparison of the results. Table 3
provides a summary of relevant parameters for the water heater used in all simulations in
this study.

Nrixep = 45.8 x (Tankgupoper) 20 W

Table 3. Parameters used to characterize TYPE 534 hot water tank in this study.

Parameter Value Used in Simulations Unit
Number of Nodes 50 Dimensionless
Tank Volume 182 (40) Liters (Gallons)
Tank Height 105 (41.4) Centimeters (Inches)
Tank Loss Coefficient 35 kJ/ (hr-m?2-K)
Environment Temperature 20 (68) °C (°F)
Upper Element 3000 W
Lower Element 3000 \%

2.3. Mains Temperature

The energy consumption associated with domestic water heating is directly tied to
the mains temperature at the location where the water heater is located. To provide a
fair assessment of the impact of mains temperature on the energy savings associated with
DWHR heat exchangers, a large range of temperatures were required for simulations. The
mains temperatures selected for the simulations were 2, 5, 10, 15, 20, and 25 °C.

The energy savings associated with DWHR systems can be looked at from different
perspectives, and it is crucial to clarify how savings are presented in this study. It is
insufficient to simply compare the magnitude of energy that was recovered by the DWHR
system in each simulation, as there are other components present in domestic water heating.
Most importantly, there are heat losses associated with the hot water tank, and the rate of
heat recovery is expected to impact the losses, as well as how often the heating elements
within the water heater must activate to provide auxiliary heat. Thus, it would be more
appropriate to compare the total energy consumed by the water heater instead. For this
purpose, the total energy consumed by the water heater in configurations A, B and C are
compared to the energy consumption in configuration D (see Figure 2) under identical
simulation parameters. This allows presentation of the savings in terms of percentages
relative to configuration D.

Equation (2) is used to calculate the energy savings as a percentage of total energy
consumed in the reference case (configuration D). Ep denotes the total auxiliary energy
consumed by the water heater in configuration D, and Eg;,, represents the total auxiliary
energy consumed by the water heater in configurations A, B or C.

Energy Savings = EDEﬂ x 100 (2
D

2.4. Heat Exchangers

Four heat exchangers were selected for this study. This selection spans different
heat exchanger lengths and diameters. The corresponding characteristic effectiveness vs.
flowrate equation obtained using the CSA standard procedure is also provided for each
heat exchanger. See Table 4.
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Table 4. Characteristics of the DWHR heat exchangers used in simulations.

Curve-Fit Generated Using

Diameter (cm) Length (cm) CSA Flow Rates

Heat Exchanger 1 5.1 91 g= 1
0.1548V+1.7513

Heat Exchanger 2 7.6 122 g=_— 1
0.0918V+1.3109

Heat Exchanger 3 7.6 152 g=——1
0.0681V+1.2315

Heat Exchanger 4 10.2 152 g=_— 1
0.0529V+1.2544

2.5. Simulation Time Step

Next, appropriate time step was to be determined. Selecting appropriate time steps
is crucial for accurate simulations. Smaller time steps often provide higher accuracy at
the expense of CPU-time. However, the time domain must be discretized such that all
shower events can be appropriately captured by the chosen time step size. To investigate
discretization errors, simulations were run for several time step sizes, and for all cases, the
energy consumption by the water heater was calculated for a period of a month. A time
step of 1 s was used as the reference, and the results from other time steps were compared
to the reference case to estimate the discretization error. The results showed that a time
step size of 5 min has a discretization error of approximately 17%, which was reduced to
below 1% when a 1-min time step was used. Therefore, a time step of 1 min was found to
be suitable for simulation purposes.

TRNSYS simulations were set up to perform a month (30 days) of simulation. The
results are to be compared using the energy savings metric from Equation (2) for each
heat exchanger.

3. Results and Discussion

The results showed that configuration C outperforms the other configurations for all
simulations, regardless of flowrate or mains temperature. This is in-line with the expected
performance of DWHR heat exchangers, as configuration C has the highest flow rate of
water through the heat exchanger’s coils during shower events. On the other hand, the
mains temperature could dictate which unequal-flow configuration could lead to higher
savings. At high mains temperatures, the savings associated with configuration B outpaced
those of A, regardless of the heat exchanger being simulated or the showerhead flowrate.
Figures 4-6 contain the results for simulations with showerhead flowrates of 5.5, 9.5 and
14 L/min respectively. Each figure contains four plots, which show the energy savings as a
function of mains temperature for the three configurations. Note that each point on the
plot represents a month of simulation.

It is important to note that significant energy savings can be achieved by installing a
DWHR heat exchanger in plumbing systems regardless of the configuration. In situations
where the equal-flow configuration is not possible, homeowners should not be discouraged
from relying on configurations A or B. Unequal-flow configurations can be thought-of as
having a slightly smaller heat exchanger installed relative to the equal-flow configuration,
and selecting a larger heat exchanger has a more pronounced impact on energy savings
compared to changing the plumbing configuration.

The energy-savings trend for configurations A and B can be explained through closer
inspection of the mains side flowrate through the heat exchanger coils for different simula-
tion scenarios. This is best done using the concept of heat capacity ratio, C;, which is the
ratio of heat capacity rates for the heat exchanger, as shown in Equation (3).

C, = Cmin — (T'hcp)min (3)
Crnax (mcp)max
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Figure 4. Energy savings as a function of mains temperature for a showerhead flowrate of 5.5 L/min
for configurations A, B and C, as labelled. The plots correspond to heat exchanger 1 (a), heat exchanger
2 (b), heat exchanger 3 (c), and heat exchanger 4 (d).

In this equation, C represents the heat capacity rate (kW/°C), m is the mass flow rate
(kg/s), and Cp is the specific heat (k] /kg°C). Equation (3) is often used in the e-NTU method
for heat exchanger analysis. For this study, constant properties were used, so Equation (3)
can be reduced to a ratio of mass flowrates. Note that the maximum flowrate in this study
always corresponds to the flowrate of water at the showerhead fixture, which is equal to the
flowrate through the drain side of the heat exchanger. The minimum flowrate corresponds
to the lower of 1,5 and 114,,;,. The heat capacity ratio, C,, is nondimensionalized, and
is bound between 0 and 1. When the flowrates through the coils and drain are equal
(i.e., Config C), C, will be equal to 1; however, for the other two configurations, #1,;;s will
always be lower than 14,,;,. Thus, C, can be calculated using Equation (4):

Moy Meyi Mepi
Cr: min coils _ coils (4)

Mmax Mshower Mdrain
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Figure 5. Energy savings as a function of mains temperature for a showerhead flowrate of 9.5 L/min
for configurations A, B and C, as labelled. The plots correspond to heat exchanger 1 (a), heat exchanger
2 (b), heat exchanger 3 (c), and heat exchanger 4 (d).

For this analysis, the heat capacity ratio was calculated for all time steps in the monthly
simulation when shower events occurred, and the results for heat exchanger 1 are shown
in Figure 7. In this figure, the x-axis contains six sets labelled as 5.5A, 5.5B, 9.5A, 9.5B, 14A
and 14B, where 5.5A implies the set of results are associated with configuration A for a
showerhead flowrate of 5.5 L/min, and 5.5B implies the set of results are associated with
configuration B for a showerhead flowrate of 5.5 L/min, and so on. Each set of results
contains six bars, each of which corresponds to a mains temperature (Tm) between 2 and
25 °C, as labelled in the legend. Note that the heat capacity ratios for configuration C are
not plotted here, as they are always equal to 1.
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Figure 6. Energy savings as a function of mains temperature for a showerhead flowrate of 14 L/min
for configurations A, B and C, as labelled. The plots correspond to heat exchanger 1 (a), heat exchanger
2 (b), heat exchanger 3 (c), and heat exchanger 4 (d).
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Figure 7. Heat capacity ratios for all simulated cases for heat exchanger 1.
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Figure 7 shows that, for configuration A, as the mains temperature was increased
in the simulations, the flowrate through the coils was decreased, thereby decreasing C;.
Conversely, configuration B resulted in higher flowrates through the coils as the mains
temperature was increased. Figures 8-10 contain the results for heat exchangers 2, 3,
and 4, respectively, all of which showed the same trends as Figure 7. Clearly, the mains
temperature has a significant impact on 1., which is directly tied to how much energy
can be recovered by the heat exchangers. Lastly, the results corroborate what was shown
previously in Figures 4-6, where the energy savings for the water heater was shown for
different configurations.
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Figure 8. Heat capacity ratios for all simulated cases for heat exchanger 2.
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Figure 9. Heat capacity ratios for all simulated cases for heat exchanger 3.
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Figure 10. Heat capacity ratios for all simulated cases for heat exchanger 4.

To explain this behaviour, a closer inspection of the plumbing schematic shown in
Figure 2 is required. For configuration A, m;s is equal to mpywr, and as the mains
temperature is increased, a higher flow rate of water at T),,;,s would flow directly to the
mixing valve; thereby decreasing 711.;;s. In other words, the heat exchangers are less utilized
in configuration A as the mains temperature is increased and is closer to the prescribed
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showerhead temperature. On the other hand, in configuration B, r1.,;;s is not constrained
by mpwr, and as the mains temperature is increased, higher flowrates of water would flow
through the heat exchanger coils to be preheated. As a result, the heat exchanger is better
utilized as the mains temperature is increased in configuration B.

The simulation results highlighted that the mains temperature could dictate the
flowrate of water that gets preheated by the heat exchanger in unequal-flow configu-
rations, thereby affecting the energy savings. The mains temperature is based on the
location where the plumbing system is located and is expected to vary throughout the year.
Designers should be mindful of these facts when implementing a DWHR heat exchanger
into a residential plumbing system. The results can also be used by manufacturers as
guidelines to improve the design of heat exchangers. Currently, DWHR heat exchangers
are rated and sold based on data gathered from equal-flow conditions; hence, they are
designed to work optimally in such conditions to be competitive on the market. However,
the simulation results showed that if the heat exchangers are installed in unequal-flow
configurations, the mass flowrate through the coils could be much lower than the rated
conditions. Therefore, the manufacturers are encouraged to adjust the coil diameter to
improve heat transfer rates, which increases energy savings when having equal flow rates
through the heat exchanger is not an option.

The results from this work showed that plumbing configuration has a pronounced
impact on energy savings expected from DWHR heat exchangers. This held true regardless
of the heat exchanger size or the prescribed temperature and flowrate at the showerhead. It
is noted that reporting simulation results without clarifying the plumbing configuration
fails to account for variations in flowrate through the heat exchanger coils and is therefore
not an advisable approach. It is the authors’ hope that future publications in this field will
follow suit and include sufficient information regarding the plumbing setup, such that
simulations can be replicated.
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