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NUMERICAL SIMULATION OF A DISTRICT HEATING SYSTEM
WITH EMPHASES ON TRANSIENT TEMPERATURE BEHAVIOUR
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Abstract. Numerical simulation of a district heating systeras performed with emphases on transient temperatur
behaviour. The distortion of transient temperathreughout a heating system network was simulagioigumodel-
ling approach developed at the Technical Universftipenmark (the so-called node method). The comimlesoft-
ware TERMIS has also been used in this work for @mpn purposes. The main focus has been placed analy-

sis of system behaviour and how it could be reprteseby modelling tools for pronounced thermal aydraulic
transient regimes, in particular, temperature waxgsbined with temperature fluctuations. For thispose, a dis-
trict heating system in Madumvej (Denmark) andojperational conditions were analyzed. The time-ddpat con-
sumer data and heat supply data from the distdatihg system in Madumvej (Denmark) were appliadniodel-
ling. The results obtained from modelling approacivere compared with measured data at consumédistations.

Keywords: district heating; dynamic temperature simulatioynamic consumer behaviour.

1. Introduction

of complex operational strategies becomes a negessa
part for efficient system performance, which canire

The main advantage of district heating systems lieplemented by modelling dynamic performance of wistr

in providing an infrastructure for development ofe-
grated energy supply technology, which offers asjtils
ity for an efficient use of local surplus heat sms from
industrial processes and low-grade heat source$, asi
geothermal energy. It also provides a possibildy dn
environmental safe use of low-grade domestic fualel
supply reliability and flexibility is enhanced bysing
local fuels like biomass or waste. As systems gnoave

heating system. Prediction of operational reginresud-
ing thermal and hydraulic regimes in district hegtsys-
tems are required for short and long term forengstind
for performing dynamic temperature control of ddtr
heating systems.

The performance of district heating systems has
been previously investigated in (Larsetral. 2002, Lar-
senet al. 2004) with a focus on the district heating mod-

and more integrated, the use of complex operationalling. Authors discussed the strategies to reawrepu-

strategies become a necessary part of efficiertesys
performance. Developing these strategies presehah
lenge, not just because of variable demand of titk e
users, but also due to the varied heat supply fildfar-
ent heat recourses. The different strategies amedinced,
for example the start-up of recourses that are oséd to
cover peak demands (otherwise kept on the stang-by
gime) and increase heat production in the spetifie
periods. The strategy that incorporates recoursesste

tational time and proposed new methods to reduee th
network size. A steady-state model for estimatigdrau-

lic regimes in district heating systems has beemidped

in (Gabrielaitieg et al. (2002) and Stevanoviet al.
(2007). Other models describe the simulation reston-
cerned with transient behaviour of district heatsys-
tems, particularly the modelling of transient bebav in

a several branches of a pipe network has beenrgesse
in (Gabrielaitieg at al. 2003) and (Palssoet al. 1999).

heat depends on character of industrial proceseds aModelling of a district heating system has beersgnéed
varies the amount of supplied heat depending and dé (Larsenet al. 2004), where the information about time-

mand, price and availability. As a result, the epien
conditions are never stable and involve pronouribed
mal and hydraulic transient regimes, in particutem-
perature waves combined with temperature fluctaatio
Due to variation in the amount of supplied heat, ube

dependent consumer behaviour is limited. In thevabo
mentioned work, the data for time-dependent heat co
sumption were only available for some of the constam

For the remaining consumers, the averaged heat con-
sumption was used. The unique aspect of this wotke
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application of time-dependent measured data availab V, At
for all consumers in a district heating system,clihén-
ables to represent the realistic performance oftimella- T TR

tion model.

In this study two models have been employed| e . o o
namely the node method developed at the Technigal U | Vi-Ar | Viy-A View - A View - M
versity of Denmark (Palsson 2000) and the commiercie &
software TERMIS. In these models dynamic tempeeatur

simulations are based on idealized flow conditiavisere

changes in temperature profile are influenced oy fl R Y

velocity and heat accumulation in the insulatedridis S

heating pipelines. Other methods, such as the eleme ] __ ] ] )
method (Gabrielaitienet al. 2008) and the model devel- Fig 1. Principle of the node method in an insulated pipe,

oped in (Stevanoviet al. 2009) have not been applied where dt —time step interval, V — volume flow

because of their similarities to the chosen methods

because of their modelling limitations. The following three steps can be distinguished ha t

node method procedure:

1. Temperature at the outlet nofeat current time step
denoted adj;, is estimated from the following equation
(see also Fig 1.):

2. Numerical method and modelling consideration

Principles for modelling transient temperature
behaviour In this work, a node method developed at the
Technical University of Denmark and Risoe National _(R-2), +Y + (v, t-S+2)m 5
Laboratory (Palssoat al. 1999 and Bohnat al. 2002). - V, At @)
The commercial software TERMIS (TERMIS 2010) has
also been used in the study for comparison purpose
Both models are based on the quasi-dynamic approac
where the temperature is estimated dynamically,lewhi
the flow and the pressure are calculated on this lods
static flow model. The fluid pipe flow is assumexhke
one-dimensional and considered as an idealized fltw
temperature profile under such conditions is infleed
by flow velocity and heat accumulation in the pipile
the impact of the turbulent fluctuation and thecsetary
flow appearance are neglected. Eq. 1 presentsabis b
for the estimation of temperature dynamics.

here: V;— volume flow (n¥/s); t — current time step (s);

t — time step interval (s — total water volume in the
pipe (m); T;;1— temperature at the inlet node at current
time stept, and the superscriptsandm define the value
of how many time steps should be subtracted froen th
current time step. The indicates the number of time
steps since the mass flow left the node, and imefas
the lowest integer number, which fulfils the follomg
conditions:

t
, ; > (v, mt)>2z; n0[01,2,..] ©)
E(Afpfcpf-rf)*'&(\/pfcpf-rf)+hA(Tf -T,)=0 (1) k=t=n

The integem is defined as the lowest integer number,

whereT; andTs — temperature for fluid and surroundlngs,WhiCh fulfils the following conditions:

respectively:V — volume flow ni's; A; — cross sectional
area of the pipe (i1 A — area of a pipe internal surface
per unit (1m) length (m)y — density (kg/mM); h — the heat

t
transfer coefficient (W/AK); c,— specific heat (J/kgK). ; V, t) > Z +V, A mO[0,1,2,..] 4

k=t-m

The node method The node method considers the pipe
flow, consisting of two nodes, inlet and outletr fehich  The variables Y, R and S are estimated from:
values of mass flow rate and temperature are asgign
The outlet temperature is estimated from the teatpes o
at the inlet node by taking into account the flamet ~
! , Y= Z](Vk i k )

from one node to another and the changes in fldacve ©)

ity (Fig 1). The obtained temperature is then aige to k:t_"t”l

account for effects of the pipe wall heat capaaiig heat _ !

losses. R= Z(Vk mt)' 6)
k=t-n
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t on the basis of a static flow model. The fluid pipenflis

S= Z(Vk mt) if m>nandS=Rif m=n (7)  assumed to be one-dimensional and considered as-an ide
k=t-m+1 alized flow, which is based on Eqg. (1). The equai®n
solved in TERMIS, considering that the heat transéer c
2. Accounting for the effect of pipe wall capacﬂﬂ;/j',t). efficient (h) represents Fhe overall he'at transfer coeffi-
) cient. In this case, thp (in eq. 1) describes the tempera-
A heat balance gives: tures for surroundings, i.e., ambient air. The heatstier
coefficient is used as an input parameter, and fimet

T +Tj, ) by a user.
o #_Tp,t—l =V by [ef [At [ﬁTj,t _Tj,t)(g) Modelling consideration The difference between the
models lies in the estimation of the heat transfewben
the fluid and its surrounding. More particularly, theat
where: T, .1 — pipe wall temperature from previous time Capacity of the metal pipe and heat accumulatioripasp
step,C, — pipe heat capacity (J/K). is neglected in TERMIS softwar_e: In t_he node method,
) the overall heat transfer coefficient is based on the
In the case oW [p [c¢ [At=03IC,, the assumption  method of thermal resistances (Holman 1997) and the
influence of two neighbouring pipes (the return ang-
ply pipes) is accounted for. As this approach is notluse

Tj't , becoming negative. When the temperaﬂ]f’*@ is in TERMIS, the heat transfer coefficient estimatedHry
' ' node method was applied in the TERMIS software.

tehsetm?tigdljggg i?\lﬁ)ﬁemag;ttiirpnpee;?gw Is updated and To ensure similar mo_delling conditions,_the same tim_e
' step length was used in both models, which togethédr wit

3. Accounting for the effect of heat losses to the surpipelines discretization, determined the accuracyhef t
roundings (I']-”,t): simulations. The discretization of pipelines was handled

automatically and depended on the time step length.

The dynamic consumer behaviour was represented by the
L K ] ) measured time-dependent heat load and by the measured

ar

of T]-"t :Tj"t_l is introduced to avoid the temperature,

W time-dependent temperature difference between supply
P and return primary temperatures. The later described

cooling ability of a customer substation. The measured

where:K — overall heat transfer coefficient (W), L — _supply temperature at a heat source was used as model

is the pipe lengthT, — temperature of the surrounding ~ MPUt value.

soil. The volume flowY) is based on an average velocity

through the pipel§), which is estimated from:

T =T = Ty) EeXp[—

3. Numerical method and modelling consideration

In this work, Madumvej district heating subsystem is
L considered, because it has pronounced temperature dy-
u= (10)  namics in the supply temperature. A temperature wave
Atl(n -1+e) was produced in heat production unit and local teayper
ture fluctuations were depicted. Moreover, measured
where the denominator denotes the mass transport tiniene-dependent data of inlet temperature and paveze

through the pipe (s). collected in heat source along with data for allszoners
The variablee is defined by the following equation: in subsystem. These two conditions enable a realistic
representation of district heating system by a simulatio
S-R model. It also enables to verify the simulations reshijt
e= +3/2 (11)

comparing the measured and simulated data.
A Madumvej subsystem serves 14 consumers, pro-

L . viding approximately 3 MW of total heat loads. Itcisn-
The boundary condition is the temperature of surroygnhd nected to large district heating system through a &ea

g?s%r:jd6nF?r:etrf]'i'tgug]f?gr%ar:czoﬁgﬁhné dan ;2’22”2? ngechanger. Consumers are also connected to the network
. inite ai » W velap fthrough heat exchangers and are equipped with @ loc
the Technical University of Denmark. The accuracy o

this code was examined as a function of the node dEstancC‘rontrOI system, which causes the variation in flove rat
and time step (Benonysson 1991, Palsson 2000), he Madumvej distribution network is shown in Fig 2,

which is constructed of pre-insulated pipes of a total

TERMI S software Similarly to the previously described Ie?fttg 32(2)'anmkr:ﬂgrldir:?gr?neam)ﬁIggoiltam:gelﬁ\gn&i54.0
approach, the approach implemgnted in commercial SO.fF;ict heating can. be found in (Gabrielaittezt al. 2006).
ware TERMIS (T.ERMIS 2010) is based on .the quas- — y\yhen performing a simulation of the district heating
dynamic assumption, where the temperature is esﬂmategglst

dynamically while the flow and pressure are calcualate em, the heat exchanger which connects Madumvej
y y P subsystem to the rest of the system was treated as a heat

t-n
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source in the model. In this substation, the heat seghpli
to the subsystem was measured. Consumers (identified %
with numbers in Fig 2) were regarded as substations,
serving a single building.

~

Upper curve: Temperature
Lower curve: Power

Impulse 1
90 | P

Impulse 2
10 [/
104 7 jos o f/ .MRVWI
+4

106 Fig 4. Supplied power and temperature for the second con-
sidered time period
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Fig 2. Distribution network of the Madumvej district heat

ing system 4. Prediction quality for transient supply temper ature

©
a
~

Upper curve:Temperature The difference in predictions obtained by the node

rower curve: Fower method and TERMIS software is examined by comparing
1 b with time-dependent measured data. Two parameters are
introduced to describe the comparison between pestlict
H,lh and measured temperature values in a systematic way.
UVH'

Temperature ['C]
8
Power [MW]

fes}
a

(&

MMJV First parameter, called the average error, is estiriaye
finding the difference between the predicted andsne
80 ! 4 ured values at each time step, and then averaging the
over the simulation period. This parameter measured the
s W\[\ quality of the heat loss estimation. The second pammet

1 describes the standard deviation of this error, wrsch i
M J\V/M measure of how accurate the time delay between & hea
70 VVAVM\A.MAVAA/\AVM,M‘ \ 2 source and consumers is evaluated. The third parameter -
a relative error - represents the quality of the terature
WHW value prediction. It was found by dividing the sdles
®IT L L L L £ £ £ L £ £ £ z& average error (i.e., the difference between prediend
§ g g g % % % § § g g % %g measured temperature values) by the measured tempera-
N N N N N N N N N N N N

ture decrease along the pipe, which represents real he
Fia 3. Supplied dt ture for the first losses in a given pipe (see eq. 11). If the relativerer
19 S. supplied power and temperature for the st CoN-gq5) 1o unity it indicates that the error in tengere
sidered time period - .
estimation (called average error here) occurs soleytolu
The consumer data contained measurements at tHaaccuracies in estimation of the heat losses, i.e difne
erence between modelled and real heat losses.

primary side of the consumer's installations. They mhelu h lati in t t dicti t
measurements of power, supply and return temperature-g € relalive error in temperature prediction attoners

which were collected at 6-minutes intervals. The measv-v‘kjls estimated from the following equation:
urements of the heat and temperatures suppliedeo th

subsystem were collected by the Supervision, Contil an (Tp _Tc )s B (Tp _Tc)m
Data Acquisition system (SCADA). Two time period (Tp _Tc)

were considered in this study, because in the first time m

periods the pronounced temperature wave was produced i
while in a second time period the significant tempegatu whereTp - the temperature at a heat.source, &nd the
IIgmperature at a consumer. Subscripsnd m denotes

simulated and measured values, respectively. In equatio

These data are presented in Figs 3 and 4 for the fir%)l’ evéea?zsﬁg]:t éga(ﬂgs;(gp)?é dsgscihéh'i mte 3:#;6'?1 ¢
considered time period (25-26 March) and the seconﬁlolée”.n a roachclajs u inpu '
considered time period (29-30 March), respectively. INg app '

Error= (12)

depicted.
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The above-mentioned parameters are presented gates that the temperature is under-predicted aod vi
Table 1 for supply temperature prediction at allversa.
consumers. A negative value of the average error indi-

Table 1. Average and relative errors along with standandation of average error for predicted supply terafure at consumers
for the first considered time period (25-26 Marahyl the second considered time period (29-30 March)

First considered time period (25-26 March) Second considered time period (29-30 March)

[7)]

E Node method TERMIS Node method TERMIS

§ = Relat. Aver.error Relative | Aver.errorv | Relat. Aver.error Relat. Aver.error

8 error (standard error (standard error (standard error (standard
(from deviation) (from deviation) (from deviation) (from deviation)
eq.11) | [°C] eq.11) [°C] eq.11) | [°C] eq.11) | [°C]

101 | 0.15 0.29 (1.20) 0.11 0.2 (1.41) -0.04 -0.089)1 | -0.3 -0.46 (1.8)

102 | 0.35 0.86 (1.19) 0.32 0.79 (1.37 0.23 0.4B5)L. | 0.04 0.08 (1.76)

103 | 0.24 0.53 (1.07) 0.19 0.21 (1.15 -0.12 -019)( -0.6 -0.46 (1.66)

104 | 0.001 0.01 (1.05) 0.03 0.03 (1.29 0.02 o.oaqL | -0.3 -0.35 (1.52)

105 | -0.02 -0.02 (1.0) -0.09 -0.15 (1.22 -0.33 10(8.22) | -0.6 -0.83 (1.70)

106 | 0.28 0.88 (0.89) 0.24 0.73 (1.16 0.27 0.839p. | 0.13 0.41 (1.19)

107 | 0.02 0.02 (1.10) -0.03 -0.03(1.18) 0.05 01067 -0.27 -0.33 (1.52)

108 | -0.04 -0.03 (1.17)| -0.10 -0.07 (1.23) -0.9 {1.89) -0.89 -0.79 (1.82)

109 | 0.29 0.52 (0.89) 0.24 0.44 (1.09 0.28 0.529p. | 0.02 0.13(1.33)

110 | 0.35 0.63 (1.11) 0.32 0.58 (1.16 0.35 0.688p. | 0.26 0.26 (1.35)

111 | 0.29 0.82 (0.99) 0.26 0.72 (1.06 0.18 0.464)L. | 0.01 0.02 (1.72)

112 | 0.34 0.48 (0.94) 0.32 0.45 (0.99 0.31 0.5e3}1L. | 0.11 0.18 (1.60)

113 | 0.45 0.94 (1.01) 0.01 0.03 (1.8) 0.35 0.54211.3| -0.16 -0.94 (1.79)

114 | 0.52 2.46 (1.14) 0.51 2.41(1.15 0.52 3.024)L. | 0.45 2.6 (2.02)

The largest average and relative errors can be noted [ weasured (114) o
for industrial consumer 114 (see Table 1). The redativ — Predicted V=0.034 mis '
error, representing the quality of temperature valee 5 o0 | L= Velocity [ms] ) Re=7.3E+03 7
diction, is higher than for other consumers for thetfi £ %
considered time period where a temperature wave-is de ALY, g

e S

picted. Whiles for the second considered time periitd w 8 \/ '
temperature impulses, the relative error is somewhat la W\W\\N\/ m
ger and for other consumers, especially for TERMIS 80
software. The average error is also significantly &igh

for this consumer (i.e., 114) for both considered tpre ® m W\\ 03

S~
—
hw|
—
>

riods and for both modelling approaches. As this error
represents the quality in estimation of heat losses, the " R
flow regime in pipelines should be examined closely. \7

This consumer has extremely low velocity in the intake
pipe (i.e., pipe that connects consumer substatioheo t
network) over that considered time period. The ayera c
velocity in this pipe was in the order of 0.02-0.04sm 3
combined with velocity drop to as low as 0.001-0n@% g

(see Figs 5 and 6). It occurred due to the small loaat . )
for the simulated days. Fig 5. Temperature and velocity for consumer 114 for

March 25-26 day

25d 18 h
25d 20 h

26d 02h

26d 04 h

26d 06 h

26d 08h

26d 10h

26d 12h

26d 14 h
Dayand H=
time [h] ©
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85

o
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o
o
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fluct
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85

30d 14 h §
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30d 16h =
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29d 16
29d 18h
29d 20 h
29d 22h
30d 00
30d 02
30d 04 h
30d 06 h
30d 08 h
30d 10h
30d 12
Day and é
time [h]

Temperauture ['C]

Fig 6. Temperature and velocity for consumer 114 for

March 29-30 day 79

7
This causes high heat losses compared to other

pipes, which described approaches are not able te-repr s
sent correctly. The flow regime in the consumers’kata
pipe greatly influences the quality of predictiddther &

consumers (consumers 112 and 103) that are connected to,, |

the same network line (branch N06-N08-N09 in Fig 2)

have smaller average error, i.e., less th¥d, than con- 69
sumer 114 (more thar’@ average error). Consumers 112
and 103 have much higher velocity in the intake gipe 67

the order of 0.2-0.3 m/s), than consumer 114. Thus, it
more likely that the low averages velocities, in tnder
of 0.04 m/s and less, combined with velocity dropab
ues very close to 0 will result in large deviatiorenirthe
measurements.

The standard deviation, representing the measure of
how accurate the time delay between a heat source andsgs
consumers is evaluated, has the value around 1 tbr bog
modelling approaches for the first considered timeqgkeri
(Table 1). However, for the second considered time p
riod 29-30 March, the difference between the apghea

83

81

Temperature [

is not uniform and TERMIS has somewhat larger value 79 -

of standard deviation.
77

5. Resultsfor Temperature fluctuations 75
In Figs 7-10, the propagation of steep changes in "
supply temperature and its prediction are detailecéar 7
ond considered time period. We consider only the cases
with moderate velocity fluctuations, thus excludir t &
effect large fluctuations might have on the tempegatu
changes. These conditions were found in a part of the
network supplying heat to four consumers 108, 109, 10
and 113 (Fig 2). Velocity fluctuation at those camsus
can be seen in Figs 7-10, along with average vglecit
Reynolds numbers in the consumers’ intake pipe. This
information is also presented for pipelines prior &sth

752

81

consumers’ intake pipes (Fig 11). From Figs 7itl€an
be seen that the local fluctuations of velocity ader-

a maximum of 10-30% from average value, and the
city level is fairly constant over the presentedet

period (from 16:00 on 29 March to 04:00 on 30
March). Such velocity fluctuations can be approxedat
as periodical, which at relative amplitudes of 10-30%
produce a small variation in local heat flux quaesit

| ““n 1 This
75N\[\[ 102 Thus, it would be appropriate to conclude that vigyoc

has no measurable effect on the average heafdran

according to study performed in (Benieh al. 2004).

uations of such kind would not affect the flu@m-

perature significantly.
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Fig 7. Temperature and velocity for consumer 107 for the
second considered time period
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Fig 8. Temperature and velocity for consumer 108 for the
second considered time period
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than the impulses. The prediction of the above-meation

0.9
£ Impulse 1 Impulse 2 - impulses is shown in Figs 7-10 for consumers 108, 109,
2 83 ra E
s 7 e 107 and 113.
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Fig 9. Temperature and velocity for consumer 109 for the 0

second considered time period § § § § é: § § EE
87 1 ) ) ) . ) )
5) o Impuise 1 - Fig 11. Measured velocity in the pipelines preceding con-
e 85 E sumers 107,108,109,113 for the second considenagl ti
g Impulse 2 2 period (The location of the pipelines is shown ig &)
o 831 8
£ o
() > oy
F g1 Y Moreover, unfavourable conditions from the model-
ling viewpoint constitute situations where large aditi
7 A I temperature changes are present. It appears that unde
77 A 05 such conditions, the prediction of temperature vaises
/ — Measurements (113) less reliable
75 UAV — Prediction (113) —rt 04
—=—Velocit / .
73 1) clocly tm/e] 03 6. Conclusions
Re=2.5E+04
71 v=0.07 m/s Lo . .
' Two modelling approaches have been applied for
simulation of a district heating system in Madumvej
(Denmark). The transient temperature behaviour was
o7 C a i i < p 0 simulated by the node method developed at the Teshnic
© © o o o N < 2= . . .
b dJ S 8 S S S 89 University of Denmark and the commercial software
Q Q & & 3 3 8 &5 TERMIS. The differences between two models are pro-

nounced when the large flow rate variations were ob-
served, as indicate the results obtained from thdefo
ling of Madumvej district heating system. The differenc
IJ(Q predictions obtained by the two models was insignif

changes at the heat source resulted in inadequalé&pre cant_fr%rear;eg:;\l/reel)é zlgilf?gri Stlr?gvc;g ;?igfrﬁet;;ﬁ] Iazeestems
tion of temperature values at consumers’ substations, g sy

whilst prediction of time moments of these changes corere applied for comparison of results obtained from

modelling approache&rom this comparison, it could be

relates well with the measurements. Two impulse-like . :
temperature changes, considerably larger than Otthncluded that the prediction of temperature vatl@s-

changes, were observed at the heat source afterld@ko'c gtaesses_'gmgcﬁgtlyrgg? é?e|$egflgr?g ;/a(;lé(eesn TeIg“c;ng
and 22 o'clock (Fig 4). The first impulse having \eabf - 1) during Ively farg u n

16°C between the lowest and highest impulse points, inghanges at the heat source (e.g., an impulse of®-16

- : duced over approximately 20 minutes) and ii) dyrin
troduces a deviation between the predicted and mesu P . .
temperature higher thaf@. The secF:)ond impulse (7Q) periods with low velocities (o.f the order of 0.04 rafd
produces a deviation between predicted and measurlizegzs)él 232ﬁdth?2uthhe tﬁgarlftix\sloﬁ: ti?ei,v;tzmnp;;a:jtutrﬁmviave
temperature higher tharf@, while the typical value of 'E)mp egrature wavegs read uneveni at different lonati
maximum scattering between those values is found to b[g P P y

within 2°C, when the temperature changes were smalleD e network. The Tesu'ts indicate that the discrejean
etween the predicted and measured temperatures are

Fig 10. Temperature and velocity for consumer 113 for
the second considered time period

It was found that the sudden and large temperatu

753



pronounced for the consumers located at distant pipe-
lines.
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