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Abstract: The present paper deals with the classificatiothefsuitability of combined sewers for the instidin

of heat exchangers and with assessment of theetfiearpotential of wastewater in the sewer syskanmeating
of buildings. A classification scheme involvingteria like theoretically available heat, sewer déen, number
of the heat exchanger parallel modules in the seveas-section, hydraulic conditions (hydraulic acty of the
sewer, pressurized flow), and potential foulinghiefilm growth was developed. First, individual s in the
pilot catchment were assessed based on monitdimfidw characteristics and wastewater temperatameson
pipe flow modelling. Second, connectivity of thétahle and partly suitable sewers was examined regpect to
the length necessary for the installation of thatlexchanger with the minimum required power of k@@ For

the continuous sewer sections, the maximum potgutiger was calculated. The presented approacérisrglly
applicable, however, for other heat exchanger types other climatic and economic conditions, valokthe

suitability criteria for the heat exchanger ingtiin must be adapted.
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Introduction

Many countries take aim at increasing use of semgndources of energy, including
heat recovery. A reason for that is strengthening &nergetic self-sufficiency and
protection of environment impacted by fossil sosraexploitation. One of effective
solutions is using thermal energy of warm wastemasea secondary energy source.

This solution would also contribute to the reductiaf energy demand in the urban
water cycle (UWC). According to the articles [1,i2]big cities between 7 and 10% of total
energy spent in the whole UWC is lost in the sesystems and the primary energy
consumption for collection and transportation ofstesvater and other water equals
105 MJ/caplyear in the Netherlands, 530 MJ/cap/ire&lSA, 380 MJ/capl/year in Toronto
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and 74 MJ/caplyear in Sydney. A lot of this eneggin form of heat from water heating in
households and from industrial processes [2-4].

In households, hot water is necessary for hygieashing or food preparation and its
consumption is more than 80% of all water use tieguin average wastewater temperature
28°C [5, 6]. Thus, heat may be recovered from ddimegstewater production in small
scale systems [7-10].

In the sewer system, wastewater temperature rasoiksfrom industrial and domestic
water usage and exhibits a stable temperature-@01Q all the year round. Due to the heat
dissipation and interaction with the ground, thghlkist temperature of wastewater is usually
in the upper part of the sewer system [2, 11]. Tilize wastewater energy heat exchangers
coupled with heat pumps can be installed in theesesystem and used for hot water
production, heating the buildings or for the conalbion of winter heating and summer
cooling [12]. These heat exchangers can be shéltidre heat exchangers, spiral tube heat
exchangers or plate heat exchangers mounted dougtgsipes or pits which can be placed
in the existing networks [2].

Over 500 wastewater heat pumps with thermal ratiagging between 10 and 20 MW
are in operation world-wide, especially in Switaed and Germany.

According to the article [13], the first wastewateyat recovery system applying heat
pumps was installed in 1975 in Zurich, Switzerla®te of the largest systems is located in
Oslo, Norway and delivers 288 TJ of energy per y2hrAnother system of heat recovery
from sewage is in Vancouver, Canada, where hegdcisived from the sewer of housing
complex using heat pit exchangers. They are eqdipith special devices to remove solids
from the sewage. It covers 70% of heat demand fmwug 16,000 inhabitants [2].
An interesting example of designing of wastewatetesns together with heat recovery in
industrial conditions is presented in the followingper [14], where a parallel design of the
wastewater network and of the heat recovery netwamik cooperation between the two of
them is assumed. An example of utilization of waster heat in Polish conditions is
presented in the article [17]. In the Czech Repybliastewater as an energy source for the
heat pumps has so far been neglected. The maimargs are the long payback period due
to the high acquisition costs and possible impatthe decrease of wastewater temperature
on the wastewater treatment efficiency and opearatasts.

Extensive heat recovery from the sewer system apaoiad by a significant decrease
of the wastewater temperature may generate problenihe biological processes at the
wastewater treatment plant (WWTP). Low temperatueaeslanger especially nitrogen
removal during nitrification-denitrification [16]According to the article [2] the lowest
possible temperature of wastewater delivered to VIAg¢hould be 12°C. Apart from the
impacts on the WWTP processes, the decrease ofetainpe also affects processes of
transformation and biodegradation of pollutantseémwer systems [17-19], which may result
in higher loads of pollutants entering the treathmants. Thus, the wastewater temperature
decrease strongly influences the potential of llsgian of heat exchangers in the sewers.
Another significant problem related to the in-seweat exchanger operation is the
formation of biofilms resulting to the surface fimg of the exchanger and heat transfer
decrease which is described in the article [2@] broader scale.

Therefore the project which arose in the Czech Blpis concentrated on the three
aspects of the heat recovery from wastewater icdngbined sewer system:
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» development of a guidance for the conceptual ptapmf the heat recovery from
wastewater in the sewer system at the level oftiee urban catchment,

» design of a cost-efficient type of an in-sewer heathanger,

» development of suitable maintenance techniquesrdieroto reduce heat exchanger
fouling and related decrease of the heat recovery.

The present paper deals with the assessment ahéwgetical potential of the heat
recovery from the sewer system for the designetidyaznanger in the pilot catchment. The
goal was to develop a classification scheme, ashnulgective as possible, of sewers
suitability for the installation of heat exchangeasd to extend the assessment of the
theoretical heat recovery potential so as to cthvemhole urban catchment.

Materials and methods

The assessment of the theoretical potential ohéz recovery from the wastewater in
the sewer system covered the following steps:
» specification of the criteria of the sewers suligbifor the installation of the heat
exchangers,
pilot catchment monitoring,
» re-calibration of the simulation model of the pitattchment (dry-weather flows),
» evaluation of individual sewers (sewer reachesphi pilot catchment based on the
individual criteria as well as on their combination
« evaluation of the whole sewer system.

Suitability criteria of individual sewers for the installation of heat exchangers

The criteria depend to a certain extent on the bsebhanger type and construction.
In the framework of the project, a modular platathexchanger made of stainless steel was
developed. The individual modules (250 x 1800 x 3 in size) can be connected
in series and installed in parallel in the sewene Tconstruction of the heat exchanger
facilitates also its installation in curved sect@f the sewer system.

For the heat exchanger designed, the following roateria influencing the possibility
of its installation and of the amount of the hesttavered were specified:

» theoretically available heat,

* sewer diameter,

* number of the heat exchanger parallel modulesdrséwer cross-section,

» hydraulic conditions,

» risk of significant heat exchanger fouling by thefitm growth.

Theoretically available heat

Value of the theoretically available heat in thdiudual sewer reachesiyt[kKW] can
be calculated as:

Wyr=c-p- Q- AT @
wherec [kJkg™°C™ is the specific heat capacity of wastewater (fe20°C temperatures

a constant value of 4.19-k§°C* can be assumedy,[kg-dm™] is the wastewater density
(for 0-20°C temperatures constant value of 1dikg® can be used)Q [dm®*s™] is the
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wastewater discharge, adil [°C] is the difference between wastewater tempegat
upstreanil, [°C] and downstreanh, [°C] of the heat exchanger.

It is apparent from Eqg. (1), that important factoffuencing the available heat are the
wastewater dischardg@ and the exploitable temperature differende

For Q, the average daily discharge during the heatiaga®e (period from September,
1% to May, 3f") was used. Its values in individual sewers weriakd from the simulation
model calibrated for dry-weather flows.

The higher the wastewater temperatiifeand the higher its admissible cooling, the
more energy can be recovered. The valu€g, afdopted are the average daily temperatures
of wastewater during the heating season expredsad98% lower confidence limit. The
data were obtained by monitoring in end profileshaf trunk sewers of the pilot catchment.
For the evaluation, the temperatures were assuménd tconstant along the trunk sewer.
This assumption is on the safe side [20]. The vafube minimum admissible wastewater
temperature after cooling by the heat excharigeis 8°C. It corresponds to the average
daily temperatures of about 12°C in the pilot cateht (Table 1).

Table 1
Statistically evaluated data from monitoring ofrtkusewers end profiles (for sewer system layouFsgeare 2)
Flow and temperature characteristics A 1A B C 1C D E
Q mean value 13 60 26 58 61 27 65 31
T1 mean value [°C] 12.9 13.4 12.1 14)8 13.7 14.1 13.8
95% lower confidence limit [°C] 7.6 9.9 8.9 10,3 98. 10.9 9.6

The limiting value of the available heat of 100 k¥\based on the economic efficiency
in Germany. For the Czech Republic (and the hecttanger developed), this value will be
specified by a detailed economic analysis in follmyvstages of the project. A somewhat
lower value is expected.

Sewer diameter

This criterion takes into account the possibilifyaa installation of the heat exchanger
and its accessibility for the maintenance and lipofemoval. The limiting value is set to
800 mm as it is the smallest sewer diameter allgwiranual installation and maintenance
of the heat exchanger.

The data for the pilot catchment were obtained fthenGIS of the sewer system.

Number of parallel modules of the heat exchanger

The number of the parallel modules, which can Istalfed in a sewer cross-section,
depends on the minimum daily water depth of wastemt,,;, and on the sewer diameter
(Table 2). When more parallel modules are installaghimally a 400 mm walk-through
space must be ensured (Fig. 1).

To classify a sewer reach as suitable for the bralhanger installation, at least one
module must be entirely under water during thewdepther flow. Possibility of installation
of two or more parallel modules increases the biliita of the sewer reach.

Necessary information was gained from the simutatimdel calibrated on dry-weather
flows.
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Table 2
Number of parallel modules of the heat exchangedifterent ranges of minimum daily water depths
in circular pipes

Diameter of No. of parallel modules of the heat exchanger

circular pipe 0 | 1 | 2 | 4
[mm] Range of minimum daily water depths [mm]
800 <50 50-266 267-511 > 511
1000 <45 45-223 224-451 > 451
1200 <43 43-193 194-397 > 397
1500 <40 40-162 163-335 > 335
2000 <37 37-129 130-265 > 265

SEWER PIPE

HEAT EXCHANGER MODULE

Fig. 1. Scheme of the heat exchanger installatefti ¢ module, right: 4 parallel modules)

Hydraulic conditions

Heat exchangers cannot substantially decreaseytirauiic capacity of the sewer and
must not be installed in overloaded sewers. Contbg@vers are traditionally designed for
a design storm frequency once per 2 years. In@asaver reach is overloaded more often,
the heat exchanger installation is forbidden (wétkception of backflow). When the
overloading is less frequent, a decrease of thescsection area up to 5% is allowed (the
developed heat exchanger decreases the crosssac®by less than 2% in most cases).

The analysis of the sewer system in the pilot catait was performed using the
original simulation model calibrated for wet weathdischarges for a 10-year rainfall
series [21].

Fouling

In-sewer heat exchangers are subject to foulingsemhlby bacterial biofilms and
incorporated inorganic matter [11, 22-24], whicim ¢ead to a substantial reduction of the
heat transfer efficiency up to 50% [25]. That regsithe heat exchangers to be either
efficiently cleaned or oversized. Both strategiesd additional costs. The amount of
biofilm decreases with increasing shear stres2B6-Thus, sewers with high shear stress
during dry weather and sewers subject to suffickdafilm scouring during storm events
generally favor the heat exchanger installationlinding value of the amount of biofilm is
given as the occurrence of the biofilm growth i$ aaliscriminative criterion, however, it
indicates increased costs.

Potential heat exchangers installation sites inpite# catchment were analyzed for the
probability of biofilm scouring i€ sewers self-cleansing) with the help of long-term
rainfall-runoff simulations for different self-claaing criteria based on the following
literature [11, 29-31] and on own observations gstetress 2.5, 7, 15 and 25 N/of the
minimum duration of 5 and 20 minutes and frequehpgr 2 weeks).
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Classification

Numerical values of the criteria and classificattmimeme of the sewers suitability for
the installation of heat exchangers are presemiediable 3. The final classification is
determined by the worst value of the individuatenia.

Table 3
Suitability criteria of sewers for the installatiohheat exchangers
Criterion ‘ Suitability clgssification _
unsuitable partly suitable suitable

Theoretically available heat [kW] <100 > 100

Sewer diameter [mm] <800 800-1200 > 1200

Parallel modules [number] 0 1 >1
Hydraulic capacity decrease [%] > 5% <5%

Pressurized flow [frequency] > 1 per 2 years <1 per 2 years

Evaluation of the whole sewer system

For the whole sewer system it is decisive if thigable and partly suitable sewers are
connected so that their length is sufficient far thstallation of the heat exchanger with the
minimum required power of 100 kW. If not, these seweaches are further classified as
unsuitable. The power of the heat exchariggr [kW] can be estimated by the following
equation:

Pwr =k - Ayt - AT* (2)
wherek [kW-m™°C™] is the heat transfer coefficient and its valugrtg account of fouling
is assumed to be 0.60 (DWA 2008),+ [m? is the heat exchanger surface area calculated
as the multiple of the number of parallel moduéeshanger widtho [m] and length_ [m],
and AT [°C] is the logarithmic mean temperature differ@ri82] and for counter current
flow of circulating fluid and wastewater can beotdhted as:

AT* = ((ThotIn - coldOUt - (Thotom_ Tcoldm)) / In((Thotm - coldom)/(ThotOUt_ Tcoldm)) (3)
whereT,d" [°C] is the circulating fluid temperature at theah exchanger inleTqq™" [°C]
is the circulating fluid temperature at the heathenger outletT,,.(" [°C] is the wastewater
temperature immediately upstream of the heat exgaif, .’ [°C] is the wastewater
temperature immediately downstream of the heatanaér.

In order to ensure effective functioning of the theachanger4T should be in the

range of 3-4°C [33] (the value of 3.5°C was usechioulations).

Pilot catchment monitoring

The pilot catchment is the city of Hradec Kralov€zech Republic (90,000
inhabitants). It is drained by the combined sewstesn composed of 8 trunk sewers (A,
1A, B, 1C, C, D, E, and F) running into the intgre conveying the wastewater to the
wastewater treatment plant (WWTP). The total leruftbewers is 497 km.

In the pilot catchment one-year monitoring (02.20232014) of wastewater
discharges, wastewater and air temperatures, aradndéll was performed. The monitoring
scheme is given in Figure 2. The monitoring timepstwere 6 min for discharges and
wastewater temperatures, 1 h for air temperatares,1 min for rainfall.
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N\ LEGEND

sewer A
sewer 1A
sewer B
sewer C
sewer 1C
sewer D
sewer E
sewer F
interceptor

flow+temperature
temperature
raingauge

P oo

1km
Fig. 2. Situation map of monitoring in the pilotcament (WWTP - waste water treatment plant)

Model re-calibration

The existing sewer system simulation model creat@05 within the Urban Drainage
Masterplan in DHI software MIKE URBAN was originglicalibrated focusing on wet
weather flow. Re-calibration of the model for drgather flow conditions was performed
based on the data obtained from the monitoring.

Results and discussion

Suitability of individual sewers for the installation of heat exchangers

Individual criteria. Evaluation of the sewers in the pilot catchmeagda on individual
criteria of the heat recovery potential is summedim Table 4. Hydraulic conditions were
assessed only for sewers with the theoreticallyilava heat> 100 kW and were not
limiting in any case. The most stringent criteriwas the theoretically available heat, the
least stringent one was the sewer diameter. Thas, pfactical reasons, it can be
recommended to start the evaluation either fromntbet stringent or from the most easily
evaluable criterion and further progress to othieiGa.

Table 4
Classification of the suitability of sewers for timstallation of heat exchangers in the pilot catehts according
to the individual criteria

Suitability Theoretically available heat Sewer diameter Parallel modules
classification | No. of sewers| Length [m]| No. of sewers Length [m] No. of sewers| Length [m]
Suitable 182 10,742 293 17,920 25 1,851
Partially 611 37,597 460 24,597
suitable
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The biofilm scouring and the sewers self-cleangingbability is determined by the
rainfall distribution over the year while the inased shear stress duration is of a minor
importance. In the period 09-04, no sewer reacheimgbpotential heat exchanger
installation sites in the pilot catchment complyg timost stringent self-cleansing criterion
(25 N/nf) and only 4% of the reaches suit the least stringgterion (2.5 N/rf). Thus, no
self-cleansing can be counted on in the heatingose09-05). In the cooling season
(06-08) up to 17% of the heat exchangers mightuigest to self-cleansing, however, in
case the most stringent criterion is valid, thimbar reduces to only 1%.

Criteria combination The evaluation of the sewers in the pilot catammfer the
combination of all criteria is visualized in FiguBe Total length of the reaches suitable for
installation of the heat exchangers is 642 m, ef glrtly suitable reaches 8,645 m. The
highest potential was identified in the downstrggarts of the trunk sewers B, C, and D.

LEGEND

i = = Suitable
WWTP e A —— partly suitable
R ' unsuitable

—y

1km

Fig. 3. Suitable and partly suitable sewers fortteat recovery in the pilot catchment

Theoretical heat recovery potential of the whole seer system

Assessment of connectivity of the individual sewigsntified as suitable or partly
suitable revealed that they are connected at the tsewers B, C, and D whereas other
trunk sewers (1A and 1C) are interrupted by shesches of either small diameter or
insufficient water depth where the heat exchangensnot be installed. Evaluation of
suitability of all continuous trunk sewers sectidos the heat recovery enhanced for the
estimated potential power of heat exchangers aoaptd Eq. (2) is summarized in Table 5.
The final total length of the reaches suitableifistallation of the heat exchangers remained
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642 m, that of the partly suitable reaches dectbaye215 m to 8,430 m. Trunk sewers
sections where the heat exchangers can be instalfetle seen in Figure 4.

LEGEND

more than 1,500 kW

1,000 - 1,499 kW

500 - 999 kW

250 - 499 kW

100 - 249 kW

; L WL less than 100 kW

—_ /A unsuitable

1km o/

Fig. 4. Available power of the heat exchangersha pilot catchment. The thickness of black line

distinguishes the maximum potential power of thatlexchanger supposing it is installed in the
upstream direction along the whole section

Table 5
Classification of suitability of continuous sewerctons of the trunk sewers in the pilot catchnienthe
installation of heat exchangers and estimatiomeif tpotential power

Sewer suita-tl;?;al Iengtg;:'tl[;/n]suitable Pwr [KW] Installation potential
1A 0 7 4 no
B 0 1073 563 yes

C1 0 393 206 yes

Cc2 70 814 501 yes

C C3 0 499 262 yes
C4 0 725 381 yes

C5 0 1167 613 yes

1C1 0 361 190 yes

1C2 0 967 508 yes

1C 1C3 0 129 68 no
1C4 0 45 24 no

1C5 0 34 18 no
D 484 2117 1620 yes
D+B 22 23 35 yes
E 66 291 222 yeés

Isection connected to upstream trunk sewers B awitiDidentified potential
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Maximum amount of heat recoverable from the wh@&wes system depends on the
admissible decrease of temperature at the WWTBvinfh value of 0.5°C is considered the
admissible drop of wastewater temperature stillaffetcting the WWTP efficiency [12, 16].
This corresponds to the maximum possible instgleder of the heat exchangers (about
700 kW) providing heat of 16.3 TJ per heating seasepresenting thus 2.2% of the total
heat consumption in the pilot catchment.

Discussion and conclusions

The presented approach to the assessment of thectical heat recovery potential
from wastewater in the sewer system is generallplicgble, however, for other heat
exchanger types and other climatic and economiditions, values of the suitability
criteria for the heat exchanger installation musttapted.

The limiting value of the theoretical heat availdyi(set to 100 kW within the
presented phase of the project) is subject to durttivestigation based on the discounted
payback period analysis. First results show th#ief heat consumer is close to a suitable
sewer reach and costs of the new heat source diomece low, a heat exchanger with the
power of 40 kW might be economically efficient.

An analysis of 50 city-owned buildings in the vitynof suitable sewers identified 7
buildings that could be supplied by the power db &9V produced by heat exchangers and
have the discounted payback period less than 18.y&atal annual savings were quantified
to be 90,000 EUR.

Temperature and discharge characteristics in tlvidual sewers used for the
identification of the theoretical heat recovery eouial are biased by uncertainties as the
monitoring and dry weather flow model calibratioares performed only for the end profiles
of the trunk sewers. Thus, every heat exchanggegrshould be preceded by a seasonal
monitoring of temperatures and discharges at thstaliation site and their statistical
evaluation. We recommend to determine also therstesss in the sewer to get an idea of
the expected biofilm amount and/or to test therilga strategy on in-situ biofilm samples
grown on the same material like the heat exchanger.
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