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a  b  s  t  r  a  c  t

In  the  last  decade,  a tremendous  effort  has  been  made  to find  solutions  permitting  to  decrease  the con-
sumption  of  fossil  energy.  Energy  recovery  is  one  of  the  emerging  solutions.  It consists  in recuperating
the  waste  energy  that  exists  in  many  systems  and  reutilizing  it in a useful  way.  Heat  recovery  from  hot
water  drain  is one  of energy  recovery  systems  that  is  taking  its reputation  nowadays  due to  the  major
part  of  the  electric  bill occupied  by  heating  domestic  water.  This  paper  reports  a  calculation  procedure
that  can  be  applied  to many  drain  heat  recovery  systems.  It  can  be  utilized  as  a pre-calculation  tool  to
evaluate  and  analyze  drain  heat recovery  systems  or  as  an  optimization  technique  to  enhance  an  existing
nergy management
rain water
rototype
eat transfer
alculation procedure

system.  To  proceed,  a  generic  experimental  setup  is devised  and  a parametric  experimental  analysis  is
performed  using  the  developed  setup.  Experiments  have shown  that  the  system  can  considerably  increase
the temperature  of the  cold  supply  water  for some  configurations.  Based  on  experimental  results,  many
drain systems  can be preliminary  evaluated  and  analyzed  using  a new  suggested  systematic  calculation
procedure  based  on  experimentally  determined  parameters.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

The high demand on energy is tremendously increasing due to
hree main reasons that are the expansion of the industrial domain,
he depletion of the fuel resource and the rapid population growth.
uge efforts are being made to overcome this severe crisis. Solu-

ions can be classified into three categories:
Using renewable energy resources such as wind energy [1,2],

olar energy [3,4] and geothermal energy [5,6].
Improving energy management [7,8] which consists in organiz-

ng energy resources so that the loss of energy is minimized and
he use of energy is optimized.

Developing energy recovery [9,10] which consists in recovering
he lost heat in energy systems and using it in other applications.

Indeed energy recovery may  take several forms. The most devel-
ped one is heat recovery [11–13] where the recovered energy is

eat. In other terms, the lost heat of a system can be re-used as
eat source for another application. Heat recovery studies cover
ide range of energy domains. Industrial applications are sources of
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ahmoud khaled21@hotmail.com (M.  Ramadan).
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huge heat loss that explain why many works have investigated heat
recovery from industrial machines [14]. Heat recovery from inter-
nal combustion engines [15] has also been studied. Other works
concern heat recovery in building applications [16–18]. Heating
water in residential building represents the higher contribution in
the total amount of energy consumption. On the other hand, drain
water is a rich source of heat loss that can be recovered.

In one of the first works on heat recovery from drain water [19],
the consumption of energy for water heating is studied in terms of
the life-style of occupants. Authors showed that an energy saving
up to 10% can be obtained in some configurations. In another work
[20], study of recovering heat from waste water in dyeing process is
presented and energy saving is reported by the authors. Heat recov-
ery from dish washers is investigated in [21]. The authors presented
an experimental study and showed that the system is economically
beneficial. Recovering waste heat from systems using hot water
such as sauna, to be used in a heat pump as heat source is stud-
ied and analyzed in [22]. Waste heat recovery from drain water
in high rise building is investigated in [23]: a horizontal counter
flow heat exchanger is utilized to extract heat and use it to heat

cold water. Authors show that by installing heat recovery system
up to 15% of the waste water heat can be recovered. Enhancing heat
pump used in public shower facilities using heat recovery system
and solar system is studied in [24]. Before heating water by a heat

dx.doi.org/10.1016/j.enbuild.2016.07.017
http://www.sciencedirect.com/science/journal/03787788
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The water supply tank is a plastic tank of 60 L volume, utilized to
supply the system. The water pump insures the necessary water
pressure so that water flows in the system. A control valve is used
Fig. 1. Drain water heat recover

ump, it is heated by solar system then by mean of heat recov-
ry system. It is mentioned that using such a system reduces the
nergy consumption as well as the pollution level and it has lower
perating cost. Heat recovery from horizontal drain is investigated
n [25]. Authors mention that using horizontal heat recovery sys-
em is applicable and can be efficient; its efficiency depends on
everal factors. It is reported that the utilization of such a system
educe highly the emission of carbon dioxide. Benntjes et al. [26]
howed that the effectiveness of heat recovery system deceases
ith the flow rate and that there is a critical flow rate below which

he performance cannot be extrapolated. In [27], a study on verti-
al heat recovery system with heat pump shows that the contact
esistance between the copper pipes and the heat resistance on the
nside of the drain water has the higher contribution to the heat
esistance. It has been shown that using such a heat pump, 25%
f the heat can be recovered. A financial study on the utilization of
rain water heat recovery system is presented in [28]. Authors pre-
ented a model allowing estimating the financial efficiency of the
ystem. The study covers several heat recovery configurations and
ifferent installation parameters. Utilization of sewer water as heat
ource is studied in [29,30] and a case study concerning the city of
ologna (Italy) is considered. Monitoring data are used to obtain a
orrelation between the waste water flow rate and its temperature.
arametric study on drain water heat recovery using inline vertical
eat exchanger for several flow scenarios is performed in [31]: the
uthors showed that the amount of recovered heat highly depends
n the sizing of the heat recovery system. Heat recovery from waste
ater of therapy systems in spa is presented in [32]. The effect of

he angle of the heat recovery system with respect to the vertical
s studied in [33]: authors showed that the effectiveness decreases

hen the angle with respect to the vertical increases.
The works cited above cover a wide range of applications related

o drain heat recovery. Each study presents an analysis focused on a
pecific parameter. However, none of these studies presents a gen-
ral approach that can be used as a reference for drain heat recovery
alculation. That is why it is essential to propose a generalized pro-
edure of study for drain heat recovery system that can be adopted
ndependently from the configuration, the application and the sys-
em parameters. In this context, this paper presents a calculation
rocedure that may  be applied to generally many drain heat recov-
ry systems providing that some preliminary tests are done for the
rain system considered and for corresponding real scenarios. It can
e utilized as a pre-calculation tool to evaluate drain heat recov-
ry systems or as an optimization technique to enhance an existing
ystem.

The originality of the present work resides in the generic exper-
mental setup developed and the analysis performed based on the
btained results. Moreover, the experimental analysis was per-
ormed in such a way that has permit to suggest a new systematic
alculation procedure in order to evaluate and analyze drain heat
ecovery systems based on preliminary experimental tests.
The remaining of this paper is composed of four parts. Part two
s dedicated to present the experimental approach. In part three,
m (DWHRS) working principle.

results are discussed. New calculation procedure is presented in
part four and finally part five is reserved to the conclusions.

2. Materials and methods

In this section, the principle of the heat recovery concept
(Section 2.1), the prototype implemented (Section 2.2), and the
experimental setup (Section 2.3) are presented.

2.1. Principle

The principle of the drain water heat recovery system (DWHRS)
consists in heating/preheating the supply water before it enters
the water heater, by the heat contained in the drain water. Indeed,
the water temperature after any drainage type is relatively high. In
other terms the drain water temperature is clearly higher than the
water supply temperature which may  be below 5 ◦C in cold regions.
From a heat transfer point of view, this temperature difference
between the drain water and the supply water may be transformed
to a heat rate that can heat the supply water. The DWHRS (Fig. 1)
can be viewed as a heat exchanger, in which the hot fluid is the
drain water and the cold fluid is the supply water. Several types
of (DWHRS) can be obtained according to the heat exchanger type
which is the heart of the system. The most commonly used heat
exchangers are the coiled and concentric tube heat exchangers that
are used in this study.

2.2. Prototype

To study the heat recovery from drainage system and analyze its
performance, a prototype is constructed, as shown schematically in
Fig. 2.

The prototype is composed of five main parts: water supply tank,
water pump, drain box, electric heater, and coiled heat exchanger.
Fig. 2. Schematic of the constructed prototype.
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Fig. 3. Glass box simulating the drainage type region.
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between two  consecutive tests in order to have sufficient drying of
Fig. 4. Coiled heat exchanger used in the recovery system.

irectly downstream of the pump in order to control a prescribed
ow rate in the circuit.

The drain box represents the region of a given type of drainage
arrying the hot water before its drainage. As illustration, this box
an be a shower chamber, a sink, a dish washer, a washing machine,
tc. It consists of a glass box (Fig. 3) of 3 mm thickness fixed by
luminum rods at its corners. It has a length and width of 40 cm,  a
eight of 60 cm and a total surface area of 1.28 m2.

An insulated boiler of 50 L size is used to heat the water after
assing through the heat exchanger tube. The coiled heat exchanger

s constructed using a single copper coil of 12.7 mm inner diameter
nd 0.6 mm thickness wrapped around a circular copper pipe of
1.3 mm inner diameter, 1.2 mm thickness and a 70 cm length, as
hown in Fig. 4. The circular copper pipe serves as drainage pipe and
s connected directly to the drainage box base. Fiber glass insulation
f 37.5 mm thickness is utilized to reduce heat losses.

.3. Experimental setup

In order to test the thermal performance of the system, mea-
urements of temperatures and flow rates are required. Four K-type
hermocouples are used to measure temperatures Tc,i and Tc,o at
espectively the inlet and outlet of the coiled supply pipe (cold side
f the exchanger) and Th,i and Th,o at respectively the inlet and
utlet of the drainage pipe (hot side of the exchanger).

Water flow rates are measured using the stopwatch method
o fill a given tank volume. The mass flow rate is then calculated
ccording to the following relation:
˙  = �
V

t
(1)
ildings 128 (2016) 575–582 577

where � is the water density, V the filled volume and t the time
required to fill the volume V . When the different temperatures and
flow rates are measured for a given tested configuration, different
performance parameters of the recovery system can be calculated.
The recovered heat can be calculated from the following relation:

Q̇R = ṁcCp,c

(
Tc,o − Tc,i

)
(2)

where ṁc and Cp,c are respectively the mass flow rate and specific
heat of the cold water (water from the supply tank).

The efficiency � of the recovery system, which represents the
ability of the system to avoid wasting energy, is defined as the ratio
of the heat recovered by the cold water over the heat lost by the
hot water:

� = Q̇R

ṁhCp,h

(
Th,i − Th,o

) (3)

where ṁh and Cp,h are respectively the mass flow rate and specific
heat of the hot water (water from the drain).

The effectiveness ε of the system which represents a measure-
ment of the performance of the heat exchanger when using the
NTU method [34] is defined as the ratio of the heat recovered by
the cold water over the maximum possible heat transfer that can
be hypothetically achieved in a counter-flow heat exchanger of
infinite length, calculated from the following relation:

ε = Q̇R

ṁhCp,h

(
Th,i − Tc,i

) (4)

In Eq. (4), the hot side is considered in the ideal case since the
mass flow rate in the hot side is expected to be lower than in the
cold side due to water losses due to wall adhesion in the drainage
box.

Three sets of experiments are carried out. The first set of exper-
iments corresponds to different inlet cold temperatures (water
supply tank) varying from 3.2 ◦C to 22.4 ◦C with a fixed hot inlet
temperature of 70 ◦C and a cold flow rate of 0.146 kg/s (the hot flow
rate is specified further in the paper). The different cold tempera-
tures are obtained by initiating a temperature of 3.2 ◦C by adding
ices to the cold supply tank and performing successive measure-
ments when ices melt.

The second set of experiments is performed for different cold
water flow rates (which implies different values of hot flow rates)
varying from 0.058 kg/s to 0.146 kg/s.

The third set is carried out for different hot inlet temperatures
varying from 40 ◦C to 80 ◦C. The cold inlet temperature is recorded
for each configuration of set two and three and ranges from 25 ◦C
to 40 ◦C.

3. Results and analysis

In this section, the different results obtained as well as the corre-
sponding observations and analysis will be presented. Fig. 5 shows
the variation of the hot water flow rate (hot water to fall in the
drainage) in function of the cold water flow rate (water from the
water supply tank).

From Fig. 5a, it can be noticed that the hot flow rate is lower than
the cold flow rate. As illustration for a cold flow rate of 0.146 kg/s,
the hot flow rate is 0.122 kg/s. This means that 0.024 kg/s are lost in
the drain box due to adhesion of water on the inner walls. The per-
centage of hot water to the cold water flow rate (Fig. 5b) is almost
around 81%–85%. It should be noticed that given the percentage
of hot flow rate to cold flow rate, a considerable time was taken
the inner wall of the drain box.
Fig. 6 shows the variation of the heat recovered in the system in

function of the cold inlet temperature (Eq. (2)). It is shown that the
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Fig. 5. Variation of (a) hot water flow rate and (b) percentage of hot water flow rate
in  terms of the cold water flow rate.
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eat recovered decreases quasi-linearly as the cold inlet temper-
ture increases. As illustration, the heat recovered decreases from
.24 kW to 2.62 kW when the cold inlet temperature increases from
.2 ◦C to 22.4 ◦C.

To investigate deeper the performance of the system in relation
ith the cold temperature, the efficiency and effectiveness (Eqs.

2)–(4)) are plotted in Fig. 7. It can be shown that when the cold

nlet temperature increases, the efficiency and the effectiveness
ecrease almost linearly. As illustration when the cold inlet temper-
ture increases from 3.2 ◦C to 22.4 ◦C, the efficiency decreases from
round 100% to 47% and the effectiveness decreases from around
Fig. 7. Variation of (a) efficiency and (b) effectiveness of the recovery system in
function of the cold inlet temperature.

26% to 12%. It is striking to note that even if the efficiency and the
effectiveness do not represent the same result, indeed the quanti-
tative values are totally different, the evolution of the curves of �
and ε are very similar and, above all, in each case, the final value is
around 46–47% of the initial value.

Water flowing from the boiler to the inlet of the drain (inlet of
the heat exchanger hot side) loses heat due to loss of flow rate and
cooling due to contact with the inner walls of the drain box. The
lost heat can be calculated as the difference of energy rate between
the outlet of the boiler and the inlet of the drain:

Q̇L = ṁcCp,cTb,o − ṁhCp,hTh,i (5)

where Tb,o is the temperature of water at the boiler outlet.
The ratio of the lost heat can be calculated as:

Q̇L

Q̇b,o

= ṁcCp,cTb,o − ṁhCp,hTh,i

ṁcCp,cTb,o
(6)

with Q̇b,o the heat at the outlet of the boiler.
Fig. 8 shows the variation of the lost heat Q̇L and the percentage

of lost heat Q̇L/Q̇b,o in function of the hot inlet temperature for
different cold water flow rates.

It can be shown that losses increase with the boiler outlet tem-

perature. As illustration for a cold water flow rate of 0.058 kg/s,
losses increase from 11 kW to 12.8 kW as the boiler outlet tem-
perature increases from 40 ◦C to 80 ◦C. For flow rates of 0.097 kg/s
and 0.146 kg/s, losses are respectively from 25.1 kW to 29.3 kW and
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utlet temperature for different cold flow rates.

rom 32.9 kW to 37.8 kW,  for the boiler outlet temperatures varying
rom 40 ◦C to 80 ◦C.

The percentage of heat lost (Fig. 8b) increases when the flow
ate increases from 0.058 kg/s to 0.097 kg/s, then it decreases for
igher flow rates. As illustration, the average percentages corre-
ponding to flow rates of 0.058 kg/s, 0.097 kg/s, and 0.146 kg/s are
espectively 14.7%, 20.2% and 17.4%.

Fig. 9 shows the variation of the recovered heat in function of
he cold flow rate and boiler outlet temperature.

It can be shown that the recovered heat increases with the boiler
utlet temperature. As illustration for a cold flow rate of 0.058 kg/s,
he recovered heat increases from 0.05 kW to 2.42 kW as the boiler
utlet temperature increases from 40 ◦C to 80 ◦C. For flow rates of
.097 kg/s and 0.146 kg/s, the recovered heat increases respectively
rom 0.36 kW to 4.77 kW and from 0.55 kW to 5.31 kW.

For a boiler temperature of 50 ◦C, the recovered heat increases
rom 0.24 kW to 1.46 kW as the cold water flow rate increases from
.058 kg/s to 0.146 kg/s. For a boiler outlet temperature of 70 ◦C,
he recovered heat increases from 1.58 kW to 3.91 kW.  What is
triking from Fig. 9b is the fact that the recovered heat increases
ighly when the flow rate increases from 0.058 kg/s to 0.097 kg/s,
ut seems to reach a plateau beyond this value.

The effects of the cold flow rate and boiler outlet temperature

n the effectiveness of the exchanger of the recovery system are
hown in Fig. 10.

It can be shown that the exchanger effectiveness increases with
he boiler outlet temperature. As illustration for a cold flow rate of
Fig. 9. Variation of recovered heat (a) in function of the boiler outlet temperature
for different cold flow rates and (b) in function of the cold flow rate for different
boiler outlet temperatures.

0.058 kg/s, the effectiveness increases from 2% to 23% as the boiler
outlet temperature increases from 40 ◦C to 80 ◦C. For flow rates of
0.097 kg/s and 0.146 kg/s, the effectiveness increases respectively
from 9% to 30% and from 10% to 21%.

From Fig. 10b, it can be shown that the effectiveness curves reach
maxima in their variations with respect to the cold mass flow rate.
To exemplify for a boiler outlet temperature of 60 ◦C, the effective-
ness increases from 16% to 22% when the water flow rate increases
from 0.058 kg/s to 0.097 kg/s and then decreases to 16% when the
cold flow rate increases from 0.097 kg/s to 0.146 kg/s.

4. New calculation procedure

Based on many features of the results shown in the previous sec-
tion, a new procedure of calculations that permits to estimate the
performance of a recovery system applied to any system of drains
and using any heat exchanger type will be presented hereafter.
This procedure relies on some scenarios related to the operational
mode of a given type of drain. Fig. 11 shows the flow chart of the
calculation procedure.

As shown in Fig. 11, the inputs to the calculation procedure
are the water flow rate from the supply tank that the drain sys-

tem (shower chamber, sink, dish washer, washing machine, etc.)
requires, the water temperature in the supply tank and the hot
temperature related to the system mode (for example water heater
temperature in shower application). The calculation procedure will



580 M.  Ramadan et al. / Energy and Bu

(b)

0

5

10

15

20

25

30

35

40 50 60 70 80

Ef
fe

ct
iv

en
es

s 
(%

)

Boiler out let  te mperatur e (0C)

Flow  rate = 0. 058 kg/s
Flow  rate = 0. 097 kg/s
Flow  rate = 0. 146 kg/s

(a)

0

5

10

15

20

25

30

0.058 0.0 78 0.0 98 0.1 18 0.1 38

Ef
fe

ct
iv

en
es

s 
(%

)

Cold flow r ate  (kg /s)

Tb,o = 40 °C Tb,o  = 50 °C
Tb,o= 60 °C Tb,o  = 70 °C
Tb,o = 80 °C

F
t
d

e
p

m

m

w
s
o
a

c
f

T

w
w
o
c
e

c
i
f
s

ig. 10. Variation of the exchanger effectiveness (a) in function of the boiler outlet
emperature for different cold flow rates and (b) in function of the cold flow rate for
ifferent boiler outlet temperatures.

stimate several parameters, mainly the recovered heat and the
ower consumption reduction.

Step 1: From the cold mass flow rate ṁc , the hot mass flow rate
˙ h can be calculated from the following relation:

˙ h = R1ṁc (7)

here R1 is a ratio that can be obtained from preliminary mea-
urements for a given drain system and which is function of the
perational mode scenario. As illustration from Fig. 4b, this ratio is
round 81% to 86%.

Step 2: The temperature of hot water at the heat exchanger inlet
an be calculated from Eq. (6) rearranged in a different manner as
ollows:

h,i = Tb,o
RC

R1
(1 − R2) (8)

here RC = Cp,c/Cp,h is the ratio of the specific heat of the cold
ater to that of hot water and R2 = Q̇L/Q̇b,o the ratio of the rate

f energy lost in the drain system to the rate of absolute energy
ontained in the water at the hot water system of the drain before
ntering the drain itself.

For the ranges of temperatures of cold and hot water for the most

ommon types of drain, the ratio RC is almost equal to 1. The ratio R2
s also a ratio that can be obtained from preliminary measurements
or a given drain system and is function of the operational mode
cenario. As illustration from Fig. 7b, this ratio is around 14%–21%.
ildings 128 (2016) 575–582

Step 3: From curves of effectiveness and efficiency obtained on
the heat exchanger separately from the system and for different
cold and hot temperatures and different water flow rates, the effec-
tiveness and efficiency of the heat exchanger under consideration
in the recovery system can be obtained. It should be noticed from
the experimental analysis performed in the previous section that
the effectiveness of the exchanger increases quasi-linearly with the
difference in temperature between the inlet hot and cold tempera-
tures and increases exponentially with the flow rate up to a certain
value from which it starts to decrease.

Step 4: The rate of heat exchanged in the system which corre-
sponds to the recovered heat can then be calculated as follows:

Q̇R = εṁhCp,h

(
Th,i − Tc,i

)
(9)

Step 5: The cold water outlet temperature which corresponds
to the temperature at the inlet of the heating system of the drain
type under consideration can now be calculated:

Tc,o = Tc,i + Q̇R

ṁcCp,c
(10)

Step 6: The rate of energy consumed by the heating system of
the drain type can now be calculated:

Q̇heating = ṁcCp,c

(
Tb,o − Tc,o

)
(11)

Step 7: The power consumption reduction (PCR) obtained with
the installation of the recovery system can be obtained from:

PCR = Q̇R

Q̇R + Q̇Heating

(12)

Step 8: The hot water outlet temperature which corresponds to
the temperature of water that will be discharged in the final drain
can also be calculated from:

Th,o = Th.i − Q̇R

�ṁhCp,h
(13)

The procedure presented above can be applied to any type of
heat recovery system from any type of hot drain system to estimate
parameters related to the performance of the recovery concept. This
procedure necessitates preliminary measurements on a generic
experimental setup such as that presented above in this manuscript
to obtain some key parameters and ratios that are used in the dif-
ferent steps of calculations.

5. Conclusions

Recovering the waste heat from systems utilized in the daily life
is a solution to decrease the domestic energy consumption. In this
paper, recovering heat from hot drain water is investigated. Particu-
larly, a generic experimental setup is developed and an appropriate
experimental parametric analysis is carried out.

In the parametric analysis, it was particularly found that:

(1) Around 15% of the water flow rate can be lost, i.e. not available
in the system drainage box;

(2) The effectiveness and efficiency of the recovery system
decrease with the cold inlet temperature. This decrease can
reach 50% for 20 ◦C difference;

(3) Around 15–20% of the heat of water at the boiler outlet are lost
in the system drainage box;

(4) The exchanger effectiveness increases with the boiler outlet
temperature. As illustration for a cold flow rate of 0.058 kg/s,

the effectiveness increases from 2% to 23% as the boiler outlet
temperature increases from 40 ◦C to 80 ◦C.

(5) The effectiveness curves reach maxima in their variations with
respect to the cold mass flow rate. To exemplify for a boiler
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Fig. 11. Flow chart of

outlet temperature of 60 ◦C, the effectiveness increases from
16% to 22% when the water flow rate increases from 0.058 kg/s
to 0.097 kg/s and then decreases to 16% when the cold flow rate
increases from 0.097 kg/s to 0.146 kg/s.

Finally and based on the parametric analysis shown, a new
esign approach consisting of a systematic calculation procedure
as presented. It can be utilized as a pre-calculation tool to size
rain heat recovery systems or as an optimization technique to
nhance an existing system. It was shown that any drain system can
e preliminary sized using the new suggested systematic approach
ased on experimentally determined parameters.
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