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INTRODUCTION

Topicality of the theme
During the last years essential changes have taken and are still taking place both in
the economic and engineering environment of the energy sector. In the Estonian
energy network prices on electricity and heat for all consumer groups have
increased significantly.

Structure and volumes of heat consumption have changed significantly. In many
settlements the district-heating networks developed on the basis of the boiler house
of the dominating industrial enterprise and by now the network has been separated
from the enterprise that often has either changed the production structure or is not
in operation anymore. District heating networks are over-dimensioned. The over-
dimensioning and poor heat insulation causes high heat losses (around 18,5% [1]),
for instance in Finnish district heating networks the heat losses are in the range of
6-7 % [1] and in Sweden 7-9 % [32]. The relative heat losses in Russian DH
networks are 15-30% [2] and Latvian DH networks are 16% [25]. The Estonian
district heating networks are 20—40 years old and there technical condition is bad
so they need to be renovated in near future to ensure efficient and reliable heat
supply.

Poor condition of DH networks and not reliable heat supply can decrease
futures of district heating and consumers can make a choice for different heat
supply alternative. Often the decentralised heating is not effective solution for
regional heat supply strategy and decreases potential of combined heat and power
production.

Objective estimation of district heating networks actual conditions and
technical-economical argumentation for networks renovation should be carried out
to increase combined heat and electricity production.

Main characteristic parameters of the Estonian district heating networks and
their difference from the optimal values are estimated in the current work for the
first time and compared one to another and with the typical modern Nordic
networks. Networks efficiency influencing factors are considered. Current work
gives the actual efficiency of pipes thermal insulation in Tallinn and other Estonian
towns. To evaluate the actual conditions of the thermal insulation was created a
model, based on the heat losses, determined by the using district heating network
heat balances.

The objective of the current work was to estimate main characteristic
parameters of the Estonian district heating networks and their difference from the
optimal values.

The examples of economic optimisation of new pipelines are presented in this
work. The Estonian old non-optimized district heating networks are compared with
new optimized networks. Old networks efficiency increasing potential was found
out.



Preservation of district heating systems in working order and their renovation
are the basic preconditions for combined heat and power generation, and thus for
reduction of fuel consumption and environment pollution.

Improvement of district heating systems efficiency also plays decisive role for
ensuring competitiveness of district heating utilities, which in turn serves as a
precondition for utilisation of opportunities and advantages provided by district
heating systems both for power generation and reduction of the environmental
impact, as well as improvement of the comfort and life quality of heat consumers.

Goal of the work

Considering the aforesaid, the purpose of the given research work is detailed and
objective estimation of the present condition of the Estonian district heating
networks, and also determination how much can be their efficiency increased after
carrying out of full optimization and reconstruction and how big can be efficiency
increasing potential. Moreover, the analysis of damages statistics of district heating
systems is made and indicative parameters allowing to define a real condition of
DH networks are developed

Tasks to be solved
For the purpose of achieving the above posed goal the following tasks were set and
solved in the following sequence within the present work:

— the model suitable for optimization of old Estonian heating systems is made;

— for each considered district heating system main characteristic parameters
describing the efficiency are found for present conditions and after optimization
and reconstruction;

— the potential of the energy savings, received as a result of full reconstruction of
old district heating systems is found;

— the optimization model of the district heating systems, made in the given work,
has been used for optimization and development of reconstruction plans for more
than twenty old district heating systems;

— the analysis of damages statistics of old district heating systems has been made
and indicative parameters allowing to estimate the general condition of a district
heating system has been obtained in the given work.

Methodology of research

Researches on increase in efficiency of old district heating systems are based on
the networks optimization model made within the given work which in turn
contains thermal, hydraulic and economic models.



At carrying out of analyses it is considered more than twenty Estonian district
heating systems with small, average and big loading. District heating systems with
annual thermal loading from less than 5000 MWh to over 100000 MWh have been
considered.

On the basis of the valid working parameters thermal and hydraulic models
have been made for each considered district heating system and optimization of
networks has been carried out.

Scientific novelty

Novelty of the work consists in the creation of the new methodology allowing
objectively to estimate the valid condition of old district heating systems, to
estimate potential of their efficiency increasing and to develop the proved plan of
reconstruction of a district heating system.

The developed methodology on optimization of old district heating systems, in
difference from optimization models developed in Denmark, Sweden, Finland and
other western countries, allows to consider much more technical features specific
to old Estonian district heating systems, such as various types of the network pipes
lining (a underground network in the concrete channel, an air network), various
heat insulation materials (old glass wool, stone wool, asbestos), change in
properties of heat insulation materials during the time, various temperature modes
of a network, various hydraulic modes of a network, various types of pipes, thermal
expansion compensators, armature, changes of a pipes roughness.

Practical significance
The analysis of the accumulated practical experience and results of research carried
out within the present work and main drawn conclusions and recommendations can
be applied in practice in the course of planning, analysing and implementing
reconstruction and upgrades of district heating systems of large and small cities.
The results of this work were applied already for the many real DH networks
reconstruction plans (over 20 DH networks) and cities heat supply long-term
development concepts (Narva, Tallinn, Tiiri, Voru, Kuressaare, Kividli, Jiiri etc.)
During researches for each district heating system have been made the thermal
models necessary for an estimation of the valid efficiency of thermal insulation,
and the hydraulic models necessary for definition of hydraulic modes. The received
results have compared to optimum values. Diameters of pipes of the considered
district heating systems have been optimized for minimization of heat distribution
costs. All calculations are made proceeding from the valid heat loadings and
considering possible increase in loading at expansion of district heating networks.
For each considered district heating system key parameters defining their valid
efficiency are found, and also the analysis of factors influencing the district heating
systems efficiency is made. Efficiency of the Estonian district heating systems have
compared to efficiency of modern nordic district heating systems. Final result of
researches became definition of the major characteristic parameters of district
heating systems after full optimization and reconstruction. Greater practical



achievement of work is that the possible potential of the energy savings received at
reconstruction of old heating systems is certain, and also economically proved
plans of reconstruction of district heating systems are developed. Preservation of
district heating systems in working order and renovation are the basic precondition
for combined heat and power generation, accordingly for fuel consumption and
environment pollution reduction.

Application of the present work results can help to avoid mistakes and wrong
decisions in the course of planning district heating systems efficiency
improvements.

The results of the work studies are used in the following study subjects of the
Bachelor's and Master's studies at Tallinn University of Technology: "Heat supply
systems" and "District heating networks"

Approbation

The results of the research have been reported at the following worldwide
international conferences: 5th Baltic Heat Transfer Conference 19-21 September,
2007 Saint Petersburg, Russia and the 11th International Symposium on District
Heating and Cooling, August 31 to September 2, 2008 in Reykjavik, ICELAND.
Except for this results of researches are published in editions of the Estonian and
Lithuanian academies of sciences.

Personal contribution

The research included in the current work is based upon the author's long-term
research experience in the field of development of the rehabilitation projects for old
district heating networks.
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ABBREVIATIONS, TERMS AND SYMBOLS

Roman symbols

—networks hydraulic conductivity
— surface area of the distribution pipes

hO™ R

©u

— the constant factor depending on a roughness of walls of pipelines

=]
o

— factor of network
— internal diameter of the pipeline

QU

Q

— the average diameter of the district heating network pipes

U

o

.  —internal equivalent diameter of the channel

— external diameter of thermal insulation

o>

sop — Optimal value of pipes diameter
— external diameter of a pipe
— the mass flow rate of the heat-carrier

— the real depth of pipes axis

T T Qb

— the fictitious thickness of ground considering thermal resistance of a

©

ground surface
— the resulted depth of pipes axis

~

— pressure head of the pump accordingly at V; =0

(=]

— pressure head of the pump accordingly at V; # 0

— pipe index

— the total cost of heat distribution

— pumping cost

— pipes and network construction cost
— distribution heat losses cost

— heat transfer coefficient of a pipe

— overall heat transfer coefficient

AXRTTT T oo

— heat transfer coefficient of a supply pipe

S

— heat transfer coefficient of a return pipe

~

~ AR

.. =K,,  —heattransfer coefficient considering heat exchange between

supply and return pipes
/ — length of the pipeline
L, — length of pipe number 1

L. — length of pipe number i

1
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mi —mass flow rate in pipe number 1

mi —mass flow rate in pipe number i

n — total number of pipes

N — capacity of the pump at a mode differing from nominal
N

— capacity of the pump at a nominal mode
AP,  —total pressure loss in the pipe network
AR

— pressure loss in pipe number 1

Py — dynamic pressure

q — heat losses of a underground network

4,  —the distribution parameter

4,y  — the heat loss factor

0 — the annual quantity of the heat supplied to the district heating network

Ows  —the annual distribution heat loss

0, —optimal value of supplied heat load

Re — Reynolds's number

R, , —thermal resistance of the channel and ground

R, — specific pressure drop on length

R, ,,. ~—optimal value of friction losses

R »uis  — thermal resistance of insulation of a supply pipe

R,  —thermal resistance of insulation of a return pipe

S — the characteristic of resistance representing pressure drop
at unit of the flow of the heat-carrier

S, — conditional internal resistance of the pump

t, — water temperature in a supply pipe

t, — water temperature in a return pipe

t; — temperature of external air

At — temperature difference of supply and return water

V — the flow rate of the heat-carrier

/4 — velocity of the heat-carrier

W,  — optimal value of water velocity

Greek symbols

a — convective heat transfer coefficient from water to an internal surface of a

pipe
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— the convective heat transfer coefficient from the ground surface to air

— the factor considering a share of pressure losses in local resistance from
resistance on length

— convective heat transfer coefficient from a surface of thermal insulation
covering layer to air

— convective heat transfer coefficient from a air to channel wall

— heat losses coefficient for a underground channel lining network

— heat losses coefficient for a air lining network

— total factor of local resistance on a site of the pipeline

n, —nominal efficiency coefficient of the pump

n, — pump efficiency

O — difference between water average temperature and outdoor temperature

A — hydraulic friction factor

A, —heat conductivity coefficient of a bitumen

A — heat conductivity coefficient of thermal insulation

A —heat conductivity coefficient of a covering layer

Ay — heat conductivity coefficient of a channel wall

/11] — heat conductivity coefficient of a ground

A — steel heat conductivity coefficient

v — kinematic viscosity of a liquid

Yo — density of the heat-carrier

T — water average temperature and outdoor temperature difference duration
time

Abbreviations

CHP — combined heat and power generation

DH — district heating

DHEMOS — open source dynamic simulation of district heating networks

EEK — the Estonian crone

EU — European union

MS EXCEL  — calculations editor for computer

THERMIS — computer program for district heating networks calculations

VBA (VISUAL BASIC) — computer-programming environment
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1 EFFICIENCY OF DISTRICT HEATING SYSTEMS
AND THEIR OPTIMIZATION

The average level of heat losses in district heating networks in Estonia are still very
high and is around 19% and at least 2—3 times higher than in modern networks with
similar heat sypply density. From the above it follows that is a high potential for
increasing the efficiency of district heating networks.

Therefore the reduction of heat transmission losses is one of the most important
directions in the process of improving the efficiency of district heating networks.
The technical conditions of Estonian district heating networks are 20—40 years old
are bad and need to be renovated step by step in near future to ensure efficient and
reliable heat supply.

Improvement of efficiency of district heating systems also plays decisive role
for ensuring competitiveness of district heating utilities, which in turn serves as a
precondition for utilisation of opportunities and advantages provided by district
heating systems both for power generation and reduction of the environmental
impact, as well as improvement of the comfort and life quality of heat consumers.

The tendency to increase combined heat and power production in the energy
supply of cities has intensified building of district heating systems in many
countries.

In Estonia we can use potential of existing DH networks for CHP production.
Our DH networks need renovation. Renovation and extending of the present
networks requires big investments every year. Because the economical age of the
pipelines is long and the heat loads as well as the supply systems develop all the
time, the network should be carefully dimensioned according to the economic
optimality.

Design of a DH system is a very complex analytical problem, which includes
several variables that affect the total economy of the system and also to the
selection of other design parameters. Temperature levels, pipe diameters and the
investments timing are factors that affect strongly the profitability of the system.

The temperature levels of the supply and return water are the most important
variables, because they have an effect on most of the parameters. Determination of
the most profitable temperatures is a systems theoretic problem, which involves
precise analysis of all the three main parts of the system: the plants, the network
and the consumers. In this work it has been developed a simple model for
analysing the network before renovation plan development and the temperature
levels are given different as input data. The old pipelines wich situated in the
underground ducts will be changed by the preinsulated pipes with optimaly
selected diameters according to the real heat load and potential of heat demand
grooving.

The question of how to select the optimal diameter of pipes in which a fluid is
transported, represents a classical optimization problem [4,5,6]. Total heat
transportation cost is the sum of costs for pipeline installation, for heat losses, and
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for pumping power. Of these three cost elements, the costs of pipeline installation
and heat losses increase their values strongly with diameter, while the pumping
power drops rapidly (K,umping ~D, ) with diameter increasing.

Classical optimization of this kind usually assumes that the flow rate is constant
when the diameter is varied. This method was developed to be as simple as
possible yet complete and accurate enough for design calculations.

In practise, if you designs network, the optimal values of pipes diameter,
friction losses, water velocity and supplied heat load are presented by the power
equations.

Pipe sizes are usually determined on the basis of simple criteria, such as
maximum pressure loss or maximum flow velocity. Many of investigators have
addressed the issue of pipe size determination, trying to improve on these simple
criteria [16]:

Aamot and Phetteplace (1976) [7] presented a method that relies on establishing
the ratio between the heat losses and the pumping cost and then finds the lowest
cost pipe diameter by minimising the sum of capital, heat loss and pumping costs.
Their work only addressed a single pipe segment and did not include the effect of
varying load over the yearly cycle.

Szepe and Calm (1979) [8] presented a model for single pipe segments that
neglected heat losses and time varying loads, but used geometric programming
theory to achieve additional insight into their simplified problem. In later work,
Phetteplace (1981) included the effect of annual load variations, but only single
pipe segments were addressed.

Frederiksen (1982) [5] provided a detailed analysis of the heat generating
station and the consumers systems, but simplified the transmission network to a
single supply and return pipe.

Many of investigators have addressed multiple pipe networks. Stoner (1974) [9]
discussed models that are capable of modelling either steam or water networks.
Although the models do not determine optimum diameters, he gave a procedure for
achieving an optimal design by sensitivity analysis, but did not discuss how this
process would be accomplished for networks of more than one pipe.

Zinger et al.(1976) [10, 37] described a computer program for calculating flows
and pressure levels in branched networks of hot water pipes. Their program
accounts for pressure drops in consumers equipment and throttling devices placed
in the network. Diameters are assumed to be known and they did not discuss how
to determine them.

Morofsky and Verma (1979) [11] developed a feasibility analysis and costing
tool for district energy systems, not intended for detailed design. They found the
appropriate pipe sizes by finding those that absorbed all of the available pressure
difference. They started the search for pipe size at the smallest available discrete
pipe diameter and then calculated pressure losses. If the pressure losses were more
than the available pressure difference, they increased the pipe size to the next
discrete size and repeated the calculation. They proceeded in this fashion until they
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reached a discrete pipe diameter that did not result in pressure losses greater than
the available pressure difference.

McDonald and Bloomster (1977) [12] discussed a model for laying out and
sizing the piping network for a city heated with geothermal water. Pipe diameter is
determined using a "simple search" of feasible pipe sizes by minimizing the sum of
the annual capital cost, heat loss cost and pumping cost. They provided no
information on how to handle network constraints or consider annual load
variations.

Behm (1986) [13] noted that, in the case of consumers directly connected to the
network, the "classical" approach of determining the optimal diameter by finding
the minimum of the sum of the capital, heat loss and pumping costs results in
pressures that are too high at the heating plant. He suggested the use of Munser's
(1980) [15] method, which proportions the total available pressure loss in a
network according to the next equation:

AR/ _
AP, = (1.1)
L

i=1
where
AP, —pressure loss in pipe number 1, Pa
AP,  —total pressure loss in the pipe network, Pa
L, — length of pipe number 1, m
L, — length of pipe number i, m
m —mass flow rate in pipe number 1, kg/s
nﬁ;- — mass flow rate in pipe number i, kg/s
n — total number of pipes,
i — pipe index.

This equation is intended for use on "linear networks" that do not have
branches.

Koskelainen (1980) [6, 14] developed a method that is able to solve for optimal
diameters in a branched network. His method consists of successively assuming
that the objective function and constraints locally are linear and repeatedly solving
the problem with a linear programming algorithm. He gives an example where his
"optimal" network has a cost that is 16,4 % less than one sized using a head loss
design rule.

Phetteplace (1995) [16] developed a rational design method that yields the
optimal pipe sizes for an application based on case-specific parameters values. This
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method allows for the inclusion of all major costs and can account for such factors
as escalation of energy prices, seasonal energy costs, increases in heat losses over
system life, variation in seasonal heat demand, load management strategy, the
effect of the heat consumer, etc. Each of the major constraints on the design of a
realistic district heating network is derived and considered, This method is felt to
be practical for sizing much of the piping of a district heating system.

The next step in optimization is dynamic simulation models of district heating
networks today are also very popular. One type of mathematical model involves a
full physical modelling of the network [17, 18] and in other type of model — DH
network is replaced by a simplified one (Behm.B., Larsen.H., [19]). Also we can
find more information and practical examples about DH network and all DH
system optimization [22, 23, 24].

There are many commercial programs for DH calculations, for example the
THERMIS [21] is one popular program and also we can find very good open
source software, for example the DHEMOS (Open Source Dynamic Simulation of
District Heating Networks) [20].

As we can see there are many methods for the DH network optimization. In this
work is used the classical optimization method with some changers developed
specialy for old networks renovation. This method was developed to be as simple
as possible yet complete and accurate enough for design calculations. The one very
important purpose of the current investigations is to find the energy saiving
potential of old DH networks in Estonia due to optimization and renovation.
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2 THEORETICAL ALGORYTHMS FOR THE DH
NETWORK OPTIMIZATION MODEL

2.1 Classical model for hydraulic calculations

2.1.1 The primary goals and formulas of hydraulic calculation

At designing of district heating networks the primary goal of hydraulic calculation
consists in definition of pipes diameters under the set charges of the heat-carrier
and had differences of pressure in all network or in its separate sites.

While district heating networks is in operation, there is a necessity of the
decision of return tasks by definition of the heat-carrier flows on a network sites or
pressure in separate points at change of hydraulic modes. Results of hydraulic
calculation are used for construction of piesometric schedules, a choice of schemes
of user's inputs, selection of the pump equipment, definition of a district heating
network cost and other purposes.

At movement of the heat-carrier on pipes, pressure losses are caused by
hydraulic resistance of friction and local resistance of the pipeline:

AP=AP +AP,,Pa. @.1)

Hydraulic resistance on length of the pipeline are defined under Weisbach-
Darcy formula [33]:

2

AP =2 LW 4, 2.2)
d

where

A — hydraulic friction factor;

/ — length of the pipeline, m;

d — internal diameter of the pipeline, m;

Yo — density of the heat-carrier, kg/m’;

w — velocity of the heat-carrier, m/s.

The hydraulic friction factor generally depends from Reynolds's number (Re)
and a relative equivalent roughness of a pipe (k,, /d). A roughness of a pipe
name ledges and the roughnesses influencing at turbulent movement of a liquid on
linear losses of pressure. In real pipes these ledges and roughnesses are various
under the form, size and are non-uniformly allocated on length.

For an equivalent roughness k&, conditionally accept a uniform granular
roughness which ledges have the identical form and the sizes, and losses of
pressure on length are the same, as well as in real pipes. The size of an equivalent
roughness of pipes walls in view of corrosion is recommended to be accepted: for
steam lines — 0,2 mm; for old DH water networks — 0,5-1 mm and for new DH
water network pipes — 0,2 mm [34, 35, 36].
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For external networks the turbulent mode of heat-carriers movement is
characteristic.
The mode of water flow characterizes Reynolds's number:
W-d
Re= , 2.3)
v

where 1% — kinematic viscosity of a liquid, m%/s.
At Rek, /d <23 [33] pipes are considered hydraulicaly smooth. In this case

the laminar boundary layer covers a roughness of walls, that is thickness of a

boundary layer is more than k&, , and hydraulic resistance are caused only by

ekv ?
friction forces in a liquid and depend on Reynolds's number.

For hydraulicaly smooth pipes at turbulent movement the hydraulic friction
factor can be defined under the formula of Murin [33]:

_Lo1
" (IgRe)**
For hydraulicaly rough pipes at Rek,, /d =560, when solving influence on

2.4

hydraulic resistance on all length of the pipeline is rendered with friction forces of
a liquid about a pipes wall, the hydraulic friction factor depends only on a relative
equivalent roughness and is defined under the formula of professor Sifrinson [33]:

k 0,25
A = 0,11-(%} . (2.5)

In transition region of the hydraulic resistance, described change of a complex
Rek,, /d =23+560, the formula of professor Altshul is recommended [33]:

0,25
A =0,11-(k’7’w+16{—ij . (2.6)

Under the later formula (2.6) hydraulic friction factor is defined precisely
enough for all three regions of hydraulic resistance (smooth, transitive and rough).

At Rek,, /d <10 results of calculation coincide with Murin's data, and at
Rek,,, /d > 500 with Sifrinson's data.

Local hydraulic resistance are defined under formula of Weisbach [33]:
2

/4
AP, =¢-P 5 , Pa, (2.7)
where
¢ — total factor of local resistance on a site of the pipeline [33].

It is possible to replace local losses of pressure by equivalent hydraulic
resistance on length if in the equation (2.2) instead of / to substitute [, -

equivalent length of local resistance, that is such length of the rectilinear pipeline,
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linear losses of pressure in which are numerically equal to losses of pressure in
local resistance.

Solving in common the equations (2.2) and (2.7), we shall receive:

l,,=&d/A,m. (2.8)

For characteristic in DH networks local resistances values of equivalent lengths
are resulted in the literature [33].

Hydraulic calculation of the branched out pipelines is convenient for making on
a method of average specific losses of pressure, following forms of record of full
hydraulic resistance therefore are often used:

/

AP
AP=AP +AP,=AP -(1+ A};”]:R, d-(+a)=R,-(I+1,),Pa, (2.9)

where
o — the factor considering a share of pressure losses in local resistance from
resistance on length;
R, — specific pressure drop on length, Pa/m.
From the formula (2.2) follows, that:
A oW? L A G?
R =22 —627.10% 2.2 Pa/m, (2.10)
d 2 d
where
G — the mass flow rate of the heat-carrier, t/h

Where in formulas (2.7) and (2.10) dynamic pressure is defined as follows:
2
p-w
Pi= >

, Pa. (2.11)

2.1.2 Metodology of hydraulic calculation

Hydraulic calculation is made on separate sites of a network. A district heating
network divide into sites. The calculating site of the branched out network can be
named the pipeline in which the flow of the heat-carrier does not change. The
calculating site is situated, as a rule, between the next branches. Sometimes the
calculating site should be divided on two or the several, if in its limits it is required
to change diameters of pipes.

Hydraulic resistance of each site depends on four key parameters which are
internal diameter of a pipe, the flow rate of the heat-carrier, length of a site and
factor of local resistance.

AP =R, -I,-(1+a) = f(d,,G,.1,,&)
AP, =R,-1,-(I+a,) = f(d,,G,,1,,&) (2.12)

AP =R -l -(1+a,)=fd,k Gl .,¢E)
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In precomputations, when diameters of pipes are not known, the share of
pressure losses in local resistances can be roughly certain under formula of
Sifrinson:

a, =0,01-4/G, (2.13)
where
G — the biggest flow rate of the heat-carrier in the beginning of the branched
out network, t/h

If the district heating system already exists, lengths and diameters of sites, local
hydraulic resistance are known. Knowing the valid thermal loadings and
temperature modes of a network, it is possible to define precisely enough flow rates
of the heat-carrier on separate sites.

Knowing these data it is possible to define precisely thermal loadings, velocities
of the heat-carrier, specific pressure losses upon friction for each separate site and
pressure in various units of a network: at consumers and in central points.

If a district heating system is on the project stage, using the design loadings of
consumers it is possible to define optimum diameters of all sites of a network.
Knowing diameters and lengths of all sites, loading of sites, it is possible to define
pressure drop on sites and knowing a lay of land it is possible to construct the
piesometric schedule of a network and to choose suitable pumps.

The methodology of pipes diameters optimization of a district heating system is
resulted further in chapter 2.3. At optimum internal diameters of pipes, cost of heat
distribution on a network will be minimal.

2.1.3 Bases of the network hydraulic mode

The hydraulic mode defines interrelation between the charge of the heat-carrier and
pressure in various points of system at present time.

The calculated hydraulic mode is characterized by distribution of the heat-
carrier according to calculated thermal loading of subscribers. Pressure in central
points of a network and on user's inputs equally to calculated. Evident
representation about this mode gives the piesometric schedule constructed
according to hydraulic calculation.

However during in network operation the flow rate of water in system changes,
owing to change of consumers loading. Calculation of a hydraulic mode enables to
define redistribution of flows and pressure in a network.

Calculation of a hydraulic mode is based on the basic equations of
hydrodynamics [34, 37, 38]. In DH networks square-law dependence of pressure
drop from the flow rate, as a rule, takes place:

AP=S-V?, Pa, (2.14)
where
S — the characteristic of resistance representing pressure drop at unit of the
flow of the heat-carrier, Pa/(m*/h)%;
V — the flow rate of the heat-carrier, m’/h.
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Value of the characteristic of resistance can be found from the joint decision of
the equations (2.14), (2.9) and (2.10):

AP R -(I+1,) (I+1) 302

S= V2 = V2 :ASWp,Pa/(m/h) , (2.15)

where A_ is the constant factor depending on a roughness of walls of pipelines:
PR

A, =0,0894 . ———, m"h¥/s?, (2.16)
where Z =3600 s.
Table 2.1 Factor depending on a roughness of a pipe wall [33]

Equivalent roughness 0,0002 0,0005 0,001
kekv >, M
A, m*PhYs? 8,15:10™" 10,3-10™"° 12,15-107"°

As follows from the equations (2.15) and (2.16), the characteristic of resistance
depends on the geometrical sizes of a network, a roughness of pipes walls and
density of the heat-carrier. At known flow rates and to pressure losses
corresponding them, the characteristic of resistance can be found from the equation
(2.14).

By development of a hydraulic mode often use the linear unit of pressure named
by a pressure head. The graphic representation of pressure losses from the flow rate
is the characteristic of a network. The characteristic of a DH network represents the
square-law parabola, which is passing through the beginning of coordinates
(fig.2.1). Crossing of the characteristic of a network with the characteristic of the
pump (point A) defines an operating mode of the pump on the given network.

During of operation, the characteristic of a network resistance changes owing to
with addition of new subscribers, switching-off of a part of loading, at change of a
roughness of pipes walls.

Further we shall define the characteristic of resistance of the branched out
network consisting from of some consecutive and in parallel-connected sites. The
general pressure losses AP in the network consisting of consistently connected

sites with constant flow rate V', develop of losses of pressure on each site:

AP=AP +AP, +AP,,Pa, 2.17)
where
AP, AP, AP, — pressure losses on separate sites of a network, Pa.

Having expressed losses of pressure through the flow and characteristics of
resistance under the formula (2.14), we shall receive:
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SV?=8 V>+S,-V>*+S8,-V?,Pa, (2.18)

where
S — the characteristic of networks resistance, Pa/(m’/h)?;
S, 8,,8,; — the characteristic of networks separate sites resistance,
Pa/(m*/h)*.
From last expression follows, that
S=5+8,+8S;, Pa/(m’/hy’. (2.19)
50
The characteristic of the pump , n, A
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! I
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Figure 2.1 The characteristic of a network and the pump

Hence, the total resistance characteristic of consistently connected sites of a
network is equal to the sum of resistance characteristics of these sites.
At parallel connection the general flow in a network is equal to the sum of flow
rates on branches.
V=V +V,+V,, mh. (2.20)

The flow rate of water according to expression (2.14) can be presented in the
next form:
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AP AP AP
o ALy ARy AL AR o)
S S, S, S,

In view of equality of pressure losses in parallel-connected sites of a network
(AP=AP, =AP, =AP), expression (2.20) will become next:

F;-L+14-L,ﬁmm%. (2.22)
S s, S, S,

The size 1/ \/E represents the hydraulic parameter named by conductivity,
equal to the flow rate of water at pressure difference in 1 Pa:

a=1/\S =V /JAP, m*/(h-Pa"). (2.23)

In view of dependence (2.23) we shall receive expression (2.22) in a following
kind:

a=a, +a,+a,, ms/(h'Pao’S), (2.24)
where
a — networks conductivity, m*/(h-Pa’);
ay> dy, 4y — conductivity of networks separate sites, m’/(h-Pa’’).

Thus, total conductivity of in parallel-connected sites is equal to the sum of
conductivities of these sites.

On the basis of equality (2.19) and (2.24) the characteristic of resistance of the
branched out network on known conductivity or characteristics of resistance of its
separate sites is defined. By means of the received dependences networks hydraulic
mode calculation is made.

2.1.4 Calculation of the hydraulic mode

2.1.4.1 Calculation of a hydraulic mode of a network with one heat
supply source

In the automated system with regulators for heating and regulators of temperature
for hot water supply the water flow at subscribers is defined only by size of their
thermal loading. The constancy of the set flow on heating input is supported by
adjustment of a regulator: at reduction of had pressure in input the degree of
opening of the regulator valve increases.

Calculation of a hydraulic mode of such system [33, 37] is reduced to definition
of pressure losses at known flow rates of water.

In case of automatic regulators absence on inputs, change of flows and pressure
in a network causes redistribution of flows in the main pipelines and on user's
inputs. Calculation of a hydraulic mode enables to define flows of water and
pressure losses corresponding them at the changed operating conditions of system.

As initial data serve: the scheme of a network, piesometric schedule and
pressure on collectors of thermal power station. We shall consider the scheme of
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the thermal network having n subscribers (fig. 2.1). Characteristics of resistance of
the main sites we shall designate accordingly — §,, S,, S,., .., Sy and

characteristics of resistance of subscribers in view of branches — §,, §,, S;, ...,
S, .The total flow of water is equal a network ¥, the flow of water on user's inputs
-V, V,, V;, .., V.. (with an index corresponding its number).

Since the first subscriber, we shall write down conditions of equality of pressure
losses in parallel sites of network 4S54 ... 4S,4:

AP =S, -V} =S, -V, Pa, (2.25)
where
S
th, inclusive with all branches, defined under formulas (2.19 and 2.24).

From the equation (2.25) we shall find the relative flow of water at the
subscriber 1:

— the characteristic of a networks resistance from the subscriber 1 up to » -

V.=V, IV =4yS_/S, ,mnh, (2.26)
For user's input 2 it is possible to write down:
AP, =S,-V,=8, -(V-V,),Pa, (2.27)
where
S, — networks characteristic of resistance (2.19) and (2.24) from the

subscriber 2 up to n-th inclusive with all branches.

But, on the other hand, difference of pressure in unit 4 is equal:
AP =(S,+S, ) (V=-V) =S, -V, Pa (2.28)
From the joint decision of the equations (2.27) and (2.28) we shall find the
relative flow of water at the second subscriber:
— 7. S S
V,="2= | 21, (2.29)
V S2 SI[—n
where S, =S5,+S,,
By analogy for any m-th subscriber of the system consisting from » consumers,

we shall receive:
— v S S S S
V —_m _ I-n_, 2-n_, 3-n_ “m-n . (230)
S S S S

m II-n
Thus, if the total flow of water and the characteristic of resistance are known for
all separate sites of a network it is possible to find the flow rate of water through
any user's installation.
The characteristic of the centrifugal pump at constant turns will be following:

H=H,-S-V’,m (2.31)

II-n M-n

where

25



H, and H — pressure head of the pump accordingly at V/; =0 and V' # 0, m;

S, — conditional internal resistance of the pump, m-s*/m°.

S S
A d 7 S s S s s S S
A B S
0 V,S; 1 Su Vi Il C; Sy . Sn .
1 S, n S, 11l S, M SmN S,
GD |44 1 2 3 m n
L 4 L 4 L 4 L 4 L ]
0 A B o
Figure 2.2 The scheme of a DH network with one heat source and piesometric

schedule (where A H | and A H , valid heads of water in mH,O accordingly at consumers
1 and2)

Power of the pump at a nominal mode and at a mode differing from nominal at
various flows of water (water density p =1000 kg/m’) [38]:

N, =gV, -H, In, kW, (2.32)
N=N, -{x+V£-(1—X)},kW, (2.33)

n

where
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N, and N — capacity of the pump at a nominal mode and at a mode differing

from nominal, kW;

g=9,81 m/s°  —acceleration of a gravity;

v — the nominal flow of water, m’/s;

H, — the nominal pressure head of pump, m;

n, —nominal efficiency coefficient of the pump;
x=N_/N, - factorofidling;

N, — capacity of idling, kW.

The characteristic of the pump can be changed changing of turns number.

At reduction of turns number the characteristic of the pump to be displaced to
the left and downwards, the point of crossing with the characteristic of a network to
be displaced to the left and the flow rate will decrease.

At increase of turns number, the characteristic of the pump to be displaced to
the right and upwards, the point of crossing with the characteristic of a network to
be displaced to the right and the charge will increase (fig. 2.1).

Change of the pump rotation frequency is possible owing to presence of the
frequency converter for the pumps electric motor. The characteristic of the pump
will need to be recounted for new frequency of rotation. The characteristic is
recalculated on all points separately [38]:

H ,=H, (n,/n)*, V,=V,-(n,/n), N,=N,-(n,/n)". (2.34)

On the basis of a hydraulic mode calculation a lot of the questions connected
with operation of a heat supply system is solved, namely: the opportunity of
connection of new subscribers to an existing network, emergency reservation of
system, is checked work of a network at the maximal hot water supply.

2.1.4.2 Calculation of a hydraulic mode of a ring network with two heat
supply sources

The hydraulic mode of ring networks with several heat sources is very sensitive to
change of the heat-carrier flow rate on separate sites [34, 38]. The principle of
calculation of such systems is based on Kirchoff equations (with reference to DH
network), namely:

DXV =0, (2.35)
where XV — the algebraic sum of water flows in any point, m’/h;
HTS-V:=0, (2.36)

where X S-V? — the algebraic sum of pressure losses for any closed contour, Pa.

There are two various conditions of calculation. For the automated inputs flows
of water at subscribers and characteristics of resistance of main sites of a ring
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network are known. For not automated inputs the had pressure in point of a water
supply to a network ring and characteristics of resistance of all sites is known. It is
required to find distribution of the water flow in both cases on a networks sites.
Let's consider the first case, networks with one heat source when on user's
inputs are installed regulators of the flow on an example of the elementary ring
networks (fig. 2.3). We shall be set by any flows and directions of water streams,
as shown in the network scheme. Thus we shall agree to consider positive inflow of
water to point and pressure loss for the flow, which is passing in a contour
clockwise, and negative — a drain of water from point and a pressure loss for the
flow, which is passing counter-clockwise.
According to first equation of Kirchoff, flows (m’/h) of the heat-carrier will be
the following:
Vi=Vi+Vys Vi =Va=Vis Vi =V3+Vy;
(2.37)
V=V +V, =V,+V,+V,
Usually at any way chosen direction of streams the second equation of Kirchoff
is not observed, therefore:

z8-V? :SI 'Vl2 +SII 'VI? _SIII 'VI?I _SIV 'VJ?/ +AP=0,(2.38)

where A P - difference in pressure losses, Pa.

Vi B Vi s S 7 C V,
1 < L 4 L 4 > 2
7 ?
1
Vi, Si ? 111 Vi s S
V i 4 Vs
o d L 4 > 3
A Viv, Siv D
Figure 2.3 The scheme of a ring network with one source of heat

Positive value of distinction of a pressure (A P > (), testifies to an overload of

sites / and /] in a direction of an hour hand and insufficient loading of sites /// and
IV. The negative size of distinction of pressures specifies the return. For
elimination of distinction of pressures at A P > 0 it is necessary to reduce flows on
sites / and II. With movement of water clockwise, and on sites /I and IV to
increase by the same size of the flow of distinction. After introduction in the
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equation (2.38) the flow of equalizing AV the second equation of Kirchoff is
carried out:
S] (V1 _AV)Z +S11 (Vu _AV)Z _SIII '(V111 +AV)2 _S[V '(VIV +AV)2 =0
(2.39)
Solving this equality concerning equalizing flow AV and neglecting
insignificance of size AV 2, value of the equalizing flow we define parity:
AP
238V

where X SV size is always positive.

m’/h, (2.40)

Entering this amendment A} to the equation (2.39), repeatedly spend verifying

calculation and specify value of new, more exact amendment on a parity (2.40).

So as a result of several specifications define finally flows of water on sites and
a point of a watershed in a ring.

At a feed of a network from two and more sources an arrangement of a point of
a watershed define similarly (fig. 2.4).

We shall be set any way by a point of a watershed (point B) and we shall work
out second equation of Kirchoff:

SI 'Vl2 +SII 'VI? _SIII 'VI?I _SIV 'VJ?/ —g~p~(H1 _Hz) =AP, (2.41)
where H,—H, =AH, m — difference of pressures of the network pumps

installed on heat source Ne 1 and heat source Ne 2.

Having defined equalizing water flow under the formula (2.40), make
specification of an arrangement of a point of a watershed. At positive value of
distinction of pressure (A P > 0) the point of a watershed will be displaced aside

heat source Ne 2 (a point C) as overloaded there are sites I, II and flows of water on
these sites should be reduced. At negative values of distinction of pressure
(AP <0), use of equalizing flows of the heat-carrier displaces a point of a

watershed aside heat source Ne 1 (a point A4).

If in intermediate points of a network there are pump substations, at a choice of
a point of a watershed their pressures summarize with pressures of network pumps
of heat source in a direction of movement of the heat-carrier.

Position of a point of a watershed influence the characteristic of resistance of a
network sites and units and had pressures on collectors of heat sources stations.
The increase in a pressure of the network pump at constant hydraulic
characteristics of a network displaces a point of a watershed in a direction from
thermal power station (fig. 2.5). Replacement of pipes by bigger diameter or
reduction of networks loading increases radius of action of heat sources station.
Hence, any change of loadings and characteristics of a network causes change of
had pressures in a network and on user's inputs. Changing position of a point of a
watershed, it is possible to achieve economic loading of heat sources stations.
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Calculation of distribution of a stream in a ring network without regulators of
the water flow make on second equation of Kirchoff a method of consecutive
approximation. As flows of water at subscribers in advance are not known, are set
by a share of the water flow acting in a point of a watershed at the left (¢ ) and on
the right (1—- ).

A P
\\
1 t\l\?— N T = - _.':;_—__— A
| “eg
| : .
o 3 : b e
T 4 /// - ‘.—‘_.— -7 _‘—______-: _ i
v =
y ST 7 77 S S 77 o
1 1 i w
L 4 ® Py
—> > <«> -—
a it
<> ! 4 B C <> VP2
L @ ®
Figure 2.4 The ring network with two heat supply sources and piesometric schedule

(I — at any way chosen watershed in a point B in at AP >0; 2 — at any way chosen

watershed in a point B in at AP <0 3 — at displacement of a watershed in a point C; 4 —
at displacement of a watershed in a point A)

Further define characteristics of resistance of systems sites (Fig. 2.4):
. 2,6
S=8,14, Ja (=8)=S8, v 3,,Pah’/m’, (2.42)
where signs "+" and "-" correspond to movement of water clockwise and against.

Then find flows of water under formulas:
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AP, AP,
S (=S)

where A P, — difference of pressure (Pa) in a water supply point to a ring.

V= 5 (V)= , m’/h, (2.43)
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Figure 2.5 Schedules of a watershed point change in networks

(1 — at a starting position of a point of a watershed, 2 — at change of a pressure of the
network pump,; 3 — at reduction of a network resistance)

Further check performance of second equation of Kirchoff at positive
distinction of pressure reduce a share of the water flow « , at negative a share of
the water flow « increase. It is possible, having left & same to move a point of a
watershed to unit B or C. Change of sizes « make until second equation of
Kirchoff will be satisfied.

Using the above-stated dependences, within the limits of the given work applied
computer programs in MS EXCEL and VBA (VISUAL BASIC) environment
[52,53], for performance of hydraulic calculations of networks have been created.
Programs completely consider all technical features of Estonian old district heating
systems.

Using the created programs hydraulic calculations of the considered networks
have been made. For hydraulic calculation of networks of the city of Tallinn,
databases of AS Tallinna Kiite and program TERMIS have been used [21].

2.2 Model for DH network heat losses calculations

In the given chapter the description of model for calculation of heat losses of a
network is given. The created thermal model allows to make the analysis of
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efficiency of existing thermal insulation of old networks, knowing the valid heat
losses and a design of a network.

By means of the created thermal model it is possible to define heat losses of DH
networks of different types: in the underground channel, underground from the
preinsolated pipes, an air lining.

Efficiency of thermal insulation of six DH networks has been in detail
considered: Vorusoo and Vorukivi networks in Voru, Kuressaare network,
Orissaare network, Terme and Vabriku networks in Tiiri.

For each considered network the thermal model has been made, by means of
which, proceeding from the valid heat losses, the valid efficiency of existing
thermal insulation of a underground network in the channel lining has been certain.
The valid coefficients of a heat transfer have been received.

Calculations are made on months. Empirical formulas for calculation of the heat
losses of the considered networks are found. Dependence of efficiency of thermal
insulation on humidifying during the winter, autumn and spring periods are certain.
Advice by calculation of heat losses, in view of seasonal humidifying of insulation,
in those old networks where the account of heat losses is not present is given.

2.2.1 Heat losses calculation for different types of district heating
networks lining

2.2.1.1 Heat losses of a underground network laying in the concrete
channel

For heat losses calculation of an underground network it is necessary to know
value of a heat transfer coefficient of insulation depending on diameter of pipes,
lengths of sites, temperatures of the heat-carrier and temperature of air.

For definition of a heat transfer coefficient it were necessary to know what
thermal insulation materials are used, their thickness, depth of the channel lining,
thermal and physical properties of a ground. On the basis of these data it is possible
to define thermal resistance of all separate layers of insulation. Besides it is
necessary to consider a heat exchange between a submitting and return pipe, which
partially compensates heat losses.

The scheme of the underground network, which is lying in the concrete channel,
is given in figure 2.6.

Knowing the separate thermal resistances and considering a heat exchange
between pipes [29, 31, 33], the heat transfer coefficients of pipes are certain.

At the given arrangement of pipes the heat transfer coefficient of a supply pipe
is defined as follows [36, 46]:

VR, -(I/R, +1/R,,)
" 1R, +1/R, +1/R,,

The heat transfer coefficient of a return pipe is defined as follows:

, W/(mK). (2.44)
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1/R, -(l/Rp L +H1U/R, )
.= . . , W/(mK). (2.45)
l/Rp,is + l/Rm +1/R,_,
Qo
Ak : Rk Ap: Rp
us)

Dk
dr
Dy
dr

Figure 2.6 The underground network lying in the concrete channel

The heat transfer coefficient considering heat exchange between supply and
return pipes is defined as follows:

/R, -1/R,
K, =K,,6 = : ’ , W/(mK), (2.46)
’ T UR, 1R +1/R,
where
R, —thermal resistance of insulation of a supply pipe, (mK)/W;
R, —thermal resistance of insulation of a return pipe, (mK)/W;
R, , —thermal resistance of the channel and ground, (mK)/W.

Thermal resistance of thermal insulation of a pipe consists of following parts:

Ry=R, +R +R , +R, ; +Ry,, (mK)W, (2.47)
where
stp — thermal resistance of an internal surface of a pipe, (mK)/W;
R, — thermal resistance of a pipes wall, (mK)/W;
R,  —thermal resistance of a layer of thermal insulation, (mK)/W;

R. .. —thermal resistance of a covering of a layer
of thermal insulation, (mK)/W;
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Rkkp — thermal resistance of an external surface

of a covering, (mK)/W.

Thermal resistance of the channel and ground consists of following parts:

R, = Rksp +R, +R, + Rp, (mK)/W, (2.48)
where
R,,  —thermal resistance of an internal surface
of the channel: (mK)/W,
R, — thermal resistance of a wall of the channel, (mK)/W;
R,,  —thermal resistance of a layer of a waterproofing
of the channel, (mK)/W;
R, — thermal resistance of a ground

and surface of ground, (mK)/W.

Heat losses of a supply and return pipe will be the following:

q,=K,(t,—1t,)-K, (t —t,), Wm, (2.49)
g, = K,(t, ~ 1)K, ,(t, = t;), Wi, (2.50)
where
K, — heat transfer coefficient of a supply pipe, W/(mK);
K, — heat transfer coefficient of a return pipe, W/(mK);
K, =K,, - heat transfer coefficient considering heat exchange between

supply and return pipes, W/(mK);

. . [e]
t » — temperature of water in a supply pipe, C;
t, — temperature of water in a return pipe, °C;
t; — temperature of external air, °C.

If coefficients of a heat transfer of a supply and return pipe are equal, heat
losses of an underground network can be found as follows:

tp-l-tt
9=9,+q,=2-(K,-K,)- 5 —t; |=2-U-0,W/m, (2.51)
where
K, :Kp =K,, KOZKP,,:KW, U=K,-K,,W/(m-K),
:t”ﬂ’—tn, °C
2
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Further formulas for definition of thermal resistance are resulted. The basic
thermal resistance are thermal resistance of a layer of thermal insulation and further
thermal resistance of a ground follows on size. Other thermal resistances, in
comparison with them, are insignificant.

Thermal resistance of an internal surface of a pipe:

tsp = ﬁ . (mK)/W, (252)
where
d, — internal diameter of a pipe, m;
a — convective heat transfer coefficient from water to an internal surface of a

pipe, W/(m’K).

On an internal surface of a pipe convective heat transfer is very intensive.
Owing to it, thermal resistance of an internal surface of a pipe will be very small in
comparison with other resistances.

Thermal resistance of a pipes wall will be very small, owing to good heat
conductivity of steel:

R, = b . ln& , (mK)/W, (2.53)
2z - A, d,
where
Ay — steel heat conductivity coefficient, W/(mK);
D, — external diameter of a pipe, m.

In the further calculations the coefficient of heat conductivity of steel is taken
equal A4, =63 W/(mK), at temperature 50°C [45].
The basic thermal resistance of a thermal insulation layer will be the following:

1 d
R, =— In=£ (mK)W, (2.54)
27 A D,
where
A — heat conductivity coefficient of thermal insulation, W/(mK);
d, — external diameter of thermal insulation, m.

As thermo insulation material in old networks glass wool is used. Further
factors influencing on efficiency of fibrous thermo insulation materials are resulted
in [49, 50, 51]. Mineral wool is a fibrous material in which the ratio of length of
fibres to their diameter makes 1/d > 400. The coefficient of heat conductivity of
thermo insulation material depends on temperature of a material, density, porosity,
and diameter of fibres. Influence of temperature growth on increase of heat
conductivity increases with increase in density of a material.

The heat flow which is passing through a fibrous material, consists of three
parts: heat conductivity on fibres of a material, molecular heat conductivity in gas
filling space between fibres and heat exchange by radiation in gas between fibres.
Distribution of a heat flow between these parts depends on heat conductivity of
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fibres, heat conductivity of gas being between fibres, porosity, diameter of fibres,
an emissivity, etc.

The majority of fibrous materials absorb humidity from air. The quantity of the
absorbed moisture depends on physical properties of a fibres material, properties of
substance which connecting fibre, temperature and humidity of an environment.
First the absorbed moisture accumulates on a surface of fibres in the form of
adsorption layer, further fills all volume of a fibrous material. Humidifying of a
fibrous material considerably increases its heat conductivity. Relative humidity of
air can reach in the underground channel up to 100 %. At contact with a cold wall
of the channel damp air is cooled also moisture condensed. Drops of a liquid get on
pipes thermal insulation and humidify it, that sharply increasing its heat
conductivity. The moisture also can to get in the underground channel through the
waterproofing, damaged from an old age.

At increase in porosity of a thermo insulation material up to p=0,98, the
effective coefficient of heat conductivity will reach the minimal value. It speaks
that at materials with in greater density (p > 100 kg/m®), the basic part of a heat
flow goes on fibres. At reduction of density and growth of porosity, the share of a
thermal stream going on fibres decreases and at increase in porosity up to 1 comes
nearer to zero. The molecular part of a heat flow increases with increase in porosity
and reaches the maximal value equal to heat conductivity of filling gas. However
the increase in molecular heat conductivity occurs more slowly, than reduction of
heat conductivity on fibres and consequently effective heat conductivity does not
increase. At the further increase in porosity (p > 0,98), heat conductivity again
starts to increase owing to an intensification of heat exchange by radiation.

Increase in heat conductivity of a fibres material increases effective coefficient
of heat conductivity. It is especially appreciable at more dense fibrous materials. At
increase in diameter of fibres, effective heat conductivity increases due to increase
in molecular heat conductivity and an intensification of heat exchange by radiation.

As pipes thermal insulation in old networks basically layers from mineral wool
with density 135-170 kg/m® were used [40]. At installation layers were squeezed
and as a result it density increased approximately in 1,5 times and reached 200
kg/m’. As a result with increase in density of a material heat conductivity increased
also. In following figure 2.7 the coefficient of heat conductivity of mineral wool
depending on density and volumetric humidity is resulted [35].

At drawing up of thermal model for old networks for both pipes the thickness of
thermal insulation 40 mm were accepted (one layer of insulation with initial
thickness of 50 mm) for pipes DN25-200 and for pipes of bigger diameter since
DN 250-80 mm (two layers of insulation) were accepted. For the new and
reconstructed sites the valid thickness of thermal insulation has been taken.

Calculations of heat losses (fig.2.7) are made for three different conditions of
mineral wool: for completely dry material with heat conductivity 0,05 W/(mK), for
a damp material with heat conductivity 0,08 W/(mK) (W = 15%) and 0,145
W/(mK) (W =35%).
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Figure 2.7 Coefficient of heat conductivity of mineral wool depending on volumetric

humidity at temperature 30°C [35].

These values of heat conductivity substantially conditional. Except for
humidifying insulation can be still and other problems raising heat conductivity:
old glass wool of local manufacture can be non-uniform density, at installation
used insulation with thickness less than normative, wire fixed insulation have
collapsed from corrosion and insulation has sagged.

The layer of mineral wool is covered as a rule by ruberoid and fixed by a steel
wire. Thermal resistance of a covering layer will be the following:

Ry w = S ln&, (mK)/W, (2.55)
278 Ao k
where
A, —heat conductivity coefficient of a covering layer, W/(mK);
D, — external diameter of a covering layer, m.

The coefficient of heat conductivity of roofing material (ruberoid) is taken A, =

0,17 W/(mK) [36], at temperature 30 °C. Thickness of a ruberoid is 3 mm.
Thermal resistance of an external surface of a thermal insulation covering layer
is the following:

Ry, = - , (mK)/W, (2.56)
7w D, (o7
where
D, — external diameter of a thermal insulation covering layer, m;
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Uy, — convective heat transfer coefficient from a surface of thermal insulation

covering layer to air, W/(m” K).
The convective heat transfer coefficient from a surface of thermal insulation
covering layer to air is taken a,, =8 W/(m’K) [41].

Thermal resistance of a wall of the channel and ground consists of following
parts:

R, = R,mp +R, +R, + Rp , (mK)/W, (2.57)
where
R,  —thermal resistance of an internal surface of the channel, (mK)/W;
R, — thermal resistance of a channel wall, (mK)/W;
R,,  —thermal resistance of a waterproofing of the channel, (mK)/W;
R — thermal resistance of a ground and surface of a ground, (mK)/W.

Thermal resistance of an internal surface of the channel is the following:
1
R, =———, (mK)/W, (2.58)
7 dekv ) aksp

where
Ay  — convective heat transfer coefficient from a air to channel wall,
(m*K)/W;
d,,  —internal equivalent diameter of the channel, m.

The convective heat transfer coefficient from air to a channel wall is taken U
=8 W/(m’K) [41].

Equivalent diameter is certain as follows:

_4F __4ab

“ =P " 2a+b) (2:39)
where
a and b — the internal sizes of the channel, m;
F — the area of an internal section of the channel, mz;
P — internal perimeter of the channel, m.

The internal sizes of usually used channels are the following: DN32-DN80 — a =
0,4 m and b = 0,75 m; DN100-DN150 —a = 0,5 m and b = 1,0 m; DN175-DN250
—a=0,65mand b= 1,25 m; DN300-DN400 —a = 0,84 m and b= 1,5 m; DN500—
DN600 —a=1,3mand b=2,4 m [42,43].

The thermal resistance of a channel wall is the following:
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1 D
R, = In—£r (mK)/W, (2.60)
2 e /lks ekv.s
where
A — heat conductivity coefficient of a channel wall, W/(mK);

D, . —external equivalent diameter of the channel, m;
D, . —internal equivalent diameter of the channel, m.

The heat conductivity coefficient of ferro-concrete is taken following: A, =1,55
W/(mK) [36].

The external sizes of usually used channels are the following: h=0,6 m and | =
0,95 m; DN100-DN150 —h = 0,7 m and 1 = 1,2 m; DN175-DN250 — h = 0,89 m
and 1= 1,49 m; DN300-DN400 — h = 1,075 m and 1 = 1,74 m; DN500-DN600 — h
=1,5mand1=2,6 m[42,43].

After installation the concrete channel is covered from the external side with
bitumen for a waterproofing. Thickness of bitumen makes ~5 mm. Thermal
resistance of a waterproofing layer will be the following:

1 hk
R, = Jn =y (mK)/W, (2.61)
270 Ay Dehlfv.v
where
A — heat conductivity coefficient of a bitumen, W/(mK);

Df,fw — external equivalent diameter of a waterproofing layer, m;

Df,fv's — internal equivalent diameter of a waterproofing layer, m
The heat conductivity coefficient of bitumen is4,,= 0,3 W/(mK) [36].

If depth of the channel lining is small (H/D.;,< 2), then temperature of a surface
of ground can essentially exceed natural temperature of ground. For prevention of
errors at calculation of heat losses it is necessary to use temperature of external air.
In this case thermal resistance of a ground and its surface will be the following:

2
R, = 2”1% .h{jf Cy ‘/‘D’jr _1}, (mK)/W, (2.62)
» ehv ehv
where
D, —external equivalent diameter of the channel, m;
Ap — heat conductivity coefficient of ground W/(mK),
H, — the resulted depth of an axis of pipes, m.

The resulted depth of an axis of pipes is the following:
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A
H=H+H =H+-%, m, (2.63)

)
where
H, — the resulted depth of pipes axis, m;
H — the real depth of pipes axis, m;
H_  — the fictitious thickness of ground considering thermal resistance of a
ground surface, m;
4, — heat conductivity coefficient of a ground, (mK)/W,
Q, — the convective heat transfer coefficient from the ground surface to air,
W/(m’K).

The convective heat transfer coefficient from a surface of the ground to air is
taken o, =15 W/( mzK) [34, 35] at speed of a wind 3,2 m/s.

Thickness of a layer of the ground covering the channel makes 0,7 m and
thermal resistance of a ground is found under the formula (5.19).

If depth of the channel lining is big (H/D,, >2), then temperature of a

ground surface is practically identical with natural temperature of ground. At
calculation of heat losses it is necessary to use natural temperature of a ground on
depth of a pipes axis. In this case thermal resistance of a ground and its surface will
be the following:

» = ! -In 44, , (mK)/W, (2.64)
2r- 4, D,

The heat conductivity coefficient of a ground is taken the following: 4, = 1,85
(mK)/W for stony and sandy ground at humidity of 6 %, 4, = 2,38 (mK)/W at
humidity of 30 % and 4, = 2,9 (mK)/W for completely wet ground. At the best,
heat conductivity of a ground can will decrease till 4, = 0,91 (mK)/W, at humidity
of a ground of 1,3 % [35]. Mid-annual value of heat conductivity makes 4, = 2,38
(mK)/W.

Further the heat transfer coefficient for a pipe of a underground network (5.8) is
counted up at different humidity of a ground and thermal insulation. Results of
calculations are brought in figure 2.8.

R
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Figure 2.8 The heat transfer coefficient for a pipe of a underground network at

different humidity of a ground (A, = 1,85; 2,38; 2,9 W/(mK)) and thermal insulation (J; =
0,05, 0,08; 0,145 W/(mK))

Apparently from figure 2.8, the possible increase in heat conductivity of a
ground 1,85-2,9 W/(mK) increases the general heat transfer coefficient of a pipe
depending on diameter (DN20-400) by 2,6—10,6 % at completely dry mineral wool
—Ais = 0,05 W/(mK), on 3,8-13,8 % at partially damp (W=15%) mineral wool — A;
= 0,08 W/(mK) and on 5,8-18,1 % at strongly damp (W=35%) mineral wool - A;; =
0,145 W/(mK). In the further calculations heat conductivity of ground is taken A,
=2,38 W/(mK).
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2.2.1.2 Heat losses of a underground network from the preinsulated
pipes

The scheme of a underground DH network from the preinsulated pipes with the
indication of all thermal resistances is given in figure 2.9.

Network heat losses consist of supply and return pipe heat losses. At the same
time it is necessary to consider a thermal exchange between pipes. In this case heat
exchange between pipes goes through a ground between pipes.

Figure 2.9 Underground network from the preinsulated pipes

Heat losses of a underground network from the preinsulated pipes are defined
under formulas 2.49, 2.50 and 2.51, brought in point 2.2.1.1. Also it is necessary to
consider heat exchange between pipes and a ground in other way [29].

The heat transfer coefficient of a supply pipe will be the following [3, 27, 28]:

Rt is + Rt pin
K, = . . > W/(mK). (2.65)
(Rp,is + Rp,pin) ’ (Rt,is + Rt,pin ) - Rc
The heat transfer coefficient of a return pipe will be the following:
R .+R,
= PE___ P —» W/(mK). (2.66)
(Rp,is + Rp,pin ) ’ (Rt,is + Rt,pin) - Rc

The heat transfer coefficient considering heat exchange between supply and
return pipes is defined as follows:

R
K =K = < , W/(mK), (2.67)
" o (Rp,is + Rp,pin) ’ (Rt,is + Rt,pin) - Rc2
where
R s — thermal resistance of a supply pipe insulation, (mK)/W;
R,  —thermal resistance of a return pipe insulation, (mK)/W;
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R, ., — thermalresistance of the ground around supply pipe, (mK)/W;
R, ,, - thermal resistance of the ground around return pipe, (mK)/W;
R — thermal resistance considering heat exchange between supply and return

c

pipes, (mK)/W.

Thermal resistance of a pipe consists of the following parts

Ry=R, +R + R, +R; ,(mKyW, (2.68)
where
stp — thermal resistance of a pipes internal surface, (mK)/W;
R, — thermal resistance of a pipes wall, (mK)/W;
R, ,  —thermal resistance of a thermal insulation layer, (mK)/W;
R, ., —thermal resistance of a thermal insulation covering layer, (mK)/W;

These thermal resistances can be defined under formulas resulted in chapter
2.2.1.1. As thermal insulation it is used polyurethane foam by heat conductivity A
= 0,03 W/(mK) [30]. The preinsulated pipe from above is covered by a blanket of
polythene with heat conductivity Ay = 0,43 W/(mK) [30]. Thickness of thermal
insulation is taken in accordingly standard [39].

Thermal resistance of a ground and its surface at L/Dy > 1:

1 4.-L
R, = -In L, (mK)/W, (2.69)
2.4, d,
where
L, — the resulted depth of a pipe, m.

For the account of a ground surface thermal resistance it is necessary to use the
resulted depth of a pipes axis.

A
L =L+-%, m, (2.70)
a()
where
L — the valid depth of pipes, m.
Thickness of a ground layer up to a preinsulated pipe surface makes H = 0,7 m
and proceeding from it depth of a pipes axis is certain. The distance between
surfaces of the preinsulated pipes in a horizontal plane makes a = 0,15 m

Thermal resistance of a ground and its surface at L/Dy < 1:

1 2-L,
b= -In +
2.4, D,

2
2-L,)
( D, j 1|, mKyW. (2.80)

Thermal resistance considering heat exchange between supply and return pipes:
1
R, =——— In\/1+(2H,/C)* , (mK)/W, (2.81)
2-r-A

P
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where
C — distance between axes of a supply and return pipe, m.
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Figure 2.10 Heat transfer coefficient of the underground preinsulated pipe at different
heat conductivity of a ground A, = 1,85; 2,38; 2,9 W/(mK)

Apparently from figure 5.4, the possible increase in heat conductivity of a
ground A, = 1,85-2,9 W/(mK) increases the general heat transfer coefficient of a
pipe depending on diameter (DN20—400) by 4,2-13,0 % at completely dry
polyurethane foam — A;; = 0,03 W/(mK). Influence of humidifying of a ground at
the preinsulated pipes renders greater influence on a heat transfer than at a channel
lining. At a channel lining this change under identical conditions makes 2,6—-10,5
%. This conclusion is fair only in case of dry insulation in a channel-lining
network.

2.2.1.3 Heat losses of an air lining network

At calculation of an air lining network heat losses it is necessary to define
separately heat losses of a supply and return pipe. The thermal exchange between
pipes does not occur. The scheme of an air-lining network with the indication of all
thermal resistances is given in figure 2.11.

The heat transfer coefficient of an air lining network pipe:

K =1 /Rz , W/(mK), (2.82)
where
Ry — total thermal resistance of a pipe, (mK)/W.
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Figure 2.11 Air lining network

Total thermal resistance of a pipe consists of following parts:

Ry =Ry, + Ry + Ry j + Ry + Ry, W/(mK). (2.83)
Heat losses of one pipe will be the following:
q=K(t, —t;), Wm, (2.84)
where
K — heat transfer coefficient of a pipe, W/(mK);
ty — temperature of the heat-carrier, “C;
t; — temperature of external air, "C.

Heat losses of an air-lining network consisting of two pipes:

9=9,+q, =K, (t,-t;,)+K,(t —t;), Wm, (2.85)
where
K,  —heat transfer coefficient of a supply pipe, W/(mK);
K, — heat transfer coefficient of a return pipe, W/(mK);
t, — water temperature in a supply pipe “C,
t — water temperature in a return pipe, "C;
t; — temperature of external air, °C.

If coefficients of a heat transfer of a supply and return pipe are equal, heat
losses of an air-lining network can be found as follows:

t,+1,
9=9,+q, =2-K- 5 —t, |=2-K-0,W/m. (2.86)

o

Heat transfer coefficient of an air-lining network at different heat conductivity
of thermal insulation is given in figure 2.12.
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Figure 2.12 Heat transfer coefficient of an air-lining network at different heat

conductivity of thermal insulation (4, = 0,05, 0,08; 0,145 W/(mK))
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Figure 2.13 Heat transfer coefficient of pipes for various lining

Apparently from figure 2.12, dependence of a heat transfer coefficient of an air
lining pipes on heat conductivity of insulation will be much stronger than in an
underground network. Thermal resistance of a ground in an underground network
smoothes growth of a heat transfer coefficient. Heat transfer coefficient of a
various lining pipes is given in figure 2.13.

Apparently from figure 2.13 heat transfer will be the biggest at pipes of an air
lining network, pipes of a underground network in the concrete channel further
follow and the smallest heat transfer will be at the underground preinsulated pipes.
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2.2.2 Definition of the empirical formula of DH network heat losses

For definition of all district heating networks heat losses it is necessary to know
values of pipes heat transfer coefficients, length and diameters of all sites,
temperature of the heat-carrier and temperature of air.

Heat losses of all networks will be the following:

st'k =0, +0,+0, =

=2. [ZA:K,”. L+ iKﬁ,i L+ Zf:Ke’i -Lw) .©-10°, MW, 287
i=1 i=1 i=1
where
K, — heat transfer coefficient of underground channel pipeline, W/(mK);
K; — heat transfer coefficient of air lining pipes, W/(mK);
K, — heat transfer coefficient of preinsulated underground pipes, W/(mK);
L.,L; L, — lengths of sites, m.
O — difference between water average temperature and outdoors

temperature, °C.

In addition it is necessary to consider that pipes supports and armature are not
isolated, also it increases heat losses. For this purpose normative heat losses
coefficients are used. Heat losses of all networks, in view of this, will be the
following:

st’k = /Bk O + 185 0, +0,, MW, (2.83)
where
B, = 1,25 — heat losses coefficient for a underground channel lining network
[44,45],

Bs =1,3 —heat losses coefficient for an air lining network [44,45].

In the further calculations empirical formulas for definition of heat losses are
made. Formulas are made both on the basis of calculation, and on the basis of the
valid operational data of a network. For each network the coefficient is found,
having multiplied which on a difference of average temperature of the heat-carrier
and external air it is possible to define capacity of a network heat losses at any
moment.

The valid heat transfer coefficients for underground networks of a channel
lining received by means of the given method can be used with sufficient accuracy
in heat losses calculations of all old networks of the given type.

From the analysis of the received data strong dependence of a heat transfer
coefficient on a season is observed. The pipes heat transfer coefficient of old
underground channel lining network strongly increases during the rainy period in
the spring and in the autumn and in the winter at thawing a snow on a place of a
network lining.
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At the reconstructed district heating systems such big change of a heat transfer
coefficient it is not observed, there is only a little change caused basically by the
increase in heat conductivity of a ground during the damp period of year.

In an end result, borders in which the pipes heat transfer coefficient of old
underground lines in the channel lining in current of year can change are certain.
Considering these changes it is possible to estimate heat losses of old networks
precisely enough.

Definition of a heat transfer coefficients in more detail considered in following
chapters in which many district heating systems are considered and compared.

2.3 Model for district heating network optimization

2.3.1 Basics of district heating networks pipes internal diameters
optimization

The question of how to select the optimal diameter of pipes in which a fluid is
transported, represents a classical optimization problem [4, 5, 6]. Fig. 2.14 shows
qualitatively how an economic optimum can be found for the diameter of district
heating pipe. Total cost is the sum of costs for pipeline installation, heat losses, and
pumping power. Of these three cost elements, the cost of pipeline installation and
heat losses increase their values strongly with diameter, while the pumping power
drops rapidly (Kpumping ~D,”) with diameter increasing.

Optimization of this kind usually assumes that the flow rate is constant when
the diameter is varied. This method was developed to be as simple as possible yet
complete and accurate enough for design calculations.

Dynamic simulation models of district heating networks today are also very
popular [17, 18, 19]. One type of mathematical model involves a full physical
modelling of the network [18] and in other type of model - DH network is replaced
by a simplified one [19].

The total cost of heat distribution k& consists from pipes and network
construction cost k,, distribution heat losses cost kg and pumping cost k,,.

The annual expenses of network investments per 1 meter of DH network length
is calculated as

k, =(k, +k',-D,)-a, EEK/m, (2.89)
where
k," — pipes cost per length, EEK/m;
k', — pipes cost per surface area, EEK/m?;
D, — internal diameter of pipe, m;
a — annuity factor, —.
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Figure 2.14 Pipe diameter economic optimization

The annual pumping cost per 1 meter of DH network length is calculated as

AP
k, =k, —-=—.V,EEK/m, (2.90)
n, L
where
k*,  —pumping cost, EEK/(kW-h);
T — pump operation time, h/year;
AP -
T = R, — friction losses, Pa/m;
7, — pump efficiency, —;
V — water flow rate , m’/s.
The friction losses per 1 meter of DH network length is calculated as
AP A1 1 )
R=—=—"—-p-W~, Pa/m, 291
I L D 2 P (2.91)
where
A — friction factor;
Yo — water density, kg/m’;
w — water velocity, m/s.

Pumping cost take into account pumping energy losses transformation to heat is
calculated as

k,=k,—k -(1-n,), EEK/(kW-h), (2.92)
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where

k, — electricity cost, EEK/(kW-h);
k, — heat cost, EEK/(kW-h);
n, — pump efficiency, —.

The distribution heat losses expenses is calculated as

ky =k, -K-107-[6 dr, EEK/m, (2.93)

where
k, — heat cost, EEK/(kW-h);
K — pipes heat transfer coefficient, W/(m-K);

.[9 dt — water distribution temperature and outdoor temperature difference

duration, (°C-h)/year).

In with pipe optimal diameter value heat losses expenses are higher than
pumping cost. The influence of heat losses expenses to the optimum placement is
small: move the total cost curve a little beat to the left to the smaller diameters and
higher water velocities direction. It is also possible to analytically evaluate the
optimal diameter and friction losses. The heat losses expenses did not much affect
value of optimal diameter and because that, we did not take them into account in
next equation.

Economically optimal diameter of pipe is evaluated from next equation:

3
dk __d (k +k'-D,)-a+k iﬁzlpls -0 = (2.94)
dD,  dD, 'y, w D

The optimal internal diameter of pipe:
1/6
A
Ds,apr{‘“z%.p.f.k‘p} 7, m. (2.95)
72 77]) t.a

If pressure drop in the district heating network is limited with definite value
AP__ (Pa), the internal diameter of pipes must be at least next value, depending

max

to the water flow G (kg/s):

2
D = SZJV—LG,m. (2.96)
‘ 72. 'p.APmax
Optimal water velocity:
1/3
w,, = 8 T kea) s 2.97)
5w A-pt K,

Optimal friction losses:

-5/6
AP 8 40 ¢ Kk,
lvoptszﬂz.[g.p]”é.{z. . ,} ,Pa/m. (2.98)

r
7~ n, k,a

t
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In practise, if you designs network, the optimal values of pipes diameter,
friction losses, water velocity and supplied heat load are presented by the power
equations:

R, =C, D, Pam; (2.99)
W, =C, D, ms; (2.100)
0, =C;- D, kW; (2.101)
D,,, =C,-0" ., m (2.102)

Where values of constants C,,C,,C;,C, and powers n,, n,, n,, n, are

depending of heat distribution cost.

In the next calculation examples, the optimal values of pipelines diameters,
water velocities, friction losses and heat loads were received using the graphical
method. Optimal values are compared with the networks real operation data.

2.3.2 Example of district heating pipelines internal diameters
optimization

The purpose of pipe internal diameter optimization is to get minimal costs of heat
distribution. Classical optimization usually assumes that the maximum load flow
rate is constant when the diameter is varied. This method was developed to be as
simple as possible yet complete and accurate enough for design calculations.

Example of pipes diameter optimization is presented on the figure 2.15. In this
example the values of main parameters are the next: supplied heat load is 1000 kW,
lifetime of network is 30 years, network pipes and building costs are the average
for the 2005 year, loan rate is 10%, cost of electricity according to night tariff is
0,74 EEK/kWh and to day tariff is 1,27 EEK/kWh, total pumping efficiency is
0,72, cost of heat is 450 EEK/MWh (in 2005 year). The temperature mode in
network is 110/70°C and the design outdoor temperature is -22°C. The network
operation time is 8760 hours per year. For calculations for a basis have been taken
average temperatures of external air in Harjumaa.

Apparently from figure 2.15, the site of optimum value of diameter is expressed
not sharply. Near to an optimum, in a direction of diameter increasing, there is
smooth and not a sharp change. From this it is possible to draw a following
conclusion, that at reconstruction of a district heating system it is expedient to
choose a pipe with for the size bigger diameter to provide a stock on increase in
loading in the future. Thus additional expenses will not be very much bigger.

The influence of water temperature mode to the pipes optimal diameter value is
presented on the figure 2.16. With increasing of supply and return water
temperatures difference, pipes optimal diameter decreasing. In the given example
together with increase in a difference of heat-carrier temperatures his average
temperature also increases. The value of pipes optimal diameter is mainly affected
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by the temperatures difference. The water flow is determinate by the heat load and
depends from the difference of supply and return water temperatures.

With increase in a difference of temperatures, total costs of heat distribution
essentially decrease. For example at a temperatures difference of the heat-carrier in

At =60°C degrees, at a temperature mode 130/70°C, total costs of heat
distribution will decrease at 1,52 times in comparison with costs at a difference of

temperatures in At = 25°C degrees at a temperature mode of 95/70°C.

The growing of water average temperature did not have big influence to the
pipes diameter optimal value - little beat move total distribution cost curve to the
left in smaller diameters and higher water velocities direction. Also, we can
conclude, that changes in heat losses cost practically did not influence the optimal
diameter value. The total cost curve moves vertically up when heat losses
increasing and down, when decreasing, at the same time the value of optimal
diameter practically did not change.

From figure 2.16 it is visible, that cost of heat distribution decreases at increase
in a difference of the heat-carrier temperatures, despite of increase in average
temperature of the heat-carrier and to increase in heat losses (W/m?).

There is such situation, that at a greater difference of temperatures and higher
average temperature of the heat-carrier, optimum diameter decreases. It speaks that
the charge of the heat-carrier essentially decreases at greater temperature drop, and
despite of increase in heat losses from unit of a surface (W/m?), heat losses from
one running metre of a pipe will decrease owing to reductions of diameter and the
specific area of a surface.

Hence reduction of temperature drop of the heat-carrier, with a view of
reduction of average temperature and heat losses, only due to reduction of
temperature of supply water at constant temperature of return water, will not
reduce costs of heat distribution to a new network with optimized diameters of
pipes and effective thermal insulation. It is expedient to increase a difference of
temperatures of the heat-carrier together with reduction of return water
temperature.

The temperature of return water depends on heat supply systems of consumers
(depends on the surface area of radiators, with increase in the surface area of
radiators temperature drop of the heat-carrier will increase also temperature of
return water will decrease).

The smaller temperature of return water also will increase efficiency of thermal
pumps working in a district heating network.

Reduction of supply water temperature at constant temperature of return water
will increase pumping costs because for transfer of the same quantity of heat the
greater flow rate of the heat-carrier is required. Simultaneously the average
temperature of the heat-carrier and heat losses will decrease.

Apparently from researches, in the new optimized district heating systems with
effective thermal insulation the increase in heat-carrier pumping costs will cost
more, than cost of heat losses reduction.
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It is fair for the new optimized district heating system with effective thermal
insulation, however in case of with an old network with ineffective thermal
insulation the situation can be another: at reduction of temperature of supply water
the heat losses in money value decrease more, than costs on pumping will increase.
It is confirmed with researches lead by Aris Zigurs in Latvia in the city of Riga
[25]:

"The results of the transition from the temperature schedule of 130/70°C to the
temperature schedule of 115/70°C at the heat supply areas of HS Daugavgriva and
HS Vecmilgravis show (table 2.2) that the flow of the network water will increase
by approximately 27-28%, and the lowering of the forward temperature of the heat
carrier reduced heat loss in DH network, heat loss in the network will decrease by
approximately 5%. If the forward temperature of heat carrier is lowered by 2°C in
summer the heat loss can be reduced by ~2,2%. However, irrespective of the fact
that the relative decrease of the heat loss is lower than the relative increase in
power consumption, when the absolute values of the changes are recalculated and
transformed into monetary values it can be concluded that the changes of the
temperature is useful, because the costs savings from the reduction of the heat loss
exceed the increase of power costs twice. The economic effect from reduction of
losses by introducing a lower temperature schedule is 3 to 4 times higher than
increase of power consumption costs for transportation of the heat carrier."

The pipes and network building cost influence to the pipes diameter optimal
value is presented on the figure 2.17. In this example, pipes and network building
cost growing up two times. The growing of this cost element causes moderate
decreasing of the pipes optimal diameter with 95 mm up to 92 mm at increase in
total cost at distribution of heat at ~50 %.

Table 2.2 Results of the transition from the temperature schedule of 130/70°C to the
temperature schedule of 115/70°C at the heat supply areas of HS Daugavgriva and HS
Vecmilgravis [25]

Heat supply area Increase of electricity Decrease of heat loss,
consumption for network MWhy../heating per.

pumps, MWh,/heating per.
HS Daugavgriva 46,9 2134
HS Vecmilgravis 154,4 431,0

The pumping cost influence to the pipes diameter optimal value is presented on
the figure 2.18. The pumping cost depends from the electricity cost, which in this
example growing up two times. The pumping cost near the diameter optimal value
is small comparing to the other costs (pipes and network building, heat losses). As
we can see from the drawing, even when the electricity prices doubling, pipes
optimal diameter have only a little growing. The total cost curve moves little beat
right to the bigger diameters direction (95 mm — 99 mm) and total cost will
increase only for 10—15 %. Such insignificant increase speaks that in the field of
optimum diameter costs on pumping make the least part from total cost.
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Optimisation of pipe internal diameter;
heat load: 1000 kW

G=const; t=var, 110/70°C
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Figure 2.15 Example of pipes diameter optimization

Influence of water temperature regime to the diameter optimal value;
heat load: 1000 kW
G=const; t=var
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Figure 2.16 Influence of water temperature mode to the diameter optimal value
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Influence of pipes and network building cost to the diameter optimal value;
heat load: 1000 kW

G=const; t=var, 110/70°C
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Figure 2.17 Influence of pipes and network building costs to the diameter optimal value

Elnfluence of pumping cost to the diameter optimal value;
heat load: 1000 kW

G=const; t=var, 110/70°C
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Figure 2.18 Influence of pumping cost to the diameter optimal value
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3 DEFINITION OF THE VALID EFFICIENCY OF
THERMAL INSULATION IN THE OLD DISTRICT
HEATING SYSTEMS

Efficiency of thermal insulation of six district heating systems has been considered.
It were following district heating systems: in Voru city the Vorusoo and Vorukivi
networks, Kuressaare network, Orissaare network, in Tiiri city the Terme and
Vabriku networks.

For each considered district heating system the thermal model has been made
and on the basis of which, using the valid data on heat losses, have been found heat
transfer coefficients of an underground pipelines system.

Except for this, advice by calculation of a network pipes heat losses in view of
seasonal change of a networks pipes heat transfer coefficient are given where the
valid heat losses are not known.

3.1 The description of considered district heating systems

Vorusoo and Vabaduse district heating networks in Voru city

Since of 1987 the district heating systems Vorusoo and Vabaduse are incorporated
in one network. Boiler-house Vabaduse has become operational since 1971 year.
During with 1975 for 1980 the district heating system strongly extended.
Approximately the one-fourth part of a network has age more than 35 years and
three fourth have age of the order of 25 years. Boiler-house Vorusoo has become
operational since 1984. The age of Vorusoo district heating system makes more
than 25 years.

The maximal consumed thermal power makes 30 MW of what heating makes
22 MW and hot water supply makes 8 MW. The temperature mode of a network
makes 120/70 °C at temperature of external air —22 °C. Qualitative-quantitative
regulation is used. The amount of heat released by a boiler-house in a network
makes ~70000 MWh, consumption makes ~55000 MWh and networks heat losses
make ~15000 MWh (21%).

Relative heat losses during the summer period, when there is only a loading of
hot water supply, make 40-50 %. During the heating period, relative heat losses are
within the limits of 12-20 %.

At old underground network in the concrete channel, practically there is no
drainage for removal of rainwater. There where the drainage has been constructed,
ceramic pipes owing to age have already collapsed also drainage does not work.
The bitumen waterproofing of channels owing to age also has collapsed and does
not carry out the tasks. It is the big problem as a level of subsoil waters is very high
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and there are marshy places. A ground in a place of a network lining is basically
sandy and stony.

The length of a underground pipelines in the concrete channel makes 13061 m
(74,5 %), the length of an old air pipelines makes 1034 m (5,9 %), the length of the
reconstructed air pipelines network makes 774 m and length of the reconstructed
network from the preinsulated pipes makes 2655 m (15,2 %). The total length of a
network makes 17524 m. The area of a pipes surface makes 17051 m” and the
volume of pipes makes 757 m’. There is a two pipes system.

The waterproofing layer of air pipelines basically was kept, however thermal
insulation has sagged and also external air in some places freely gets under
insulation and carries away heat. Basically air pipelines are in a satisfactory
condition.

Vorukivi district heating network in Voru city

The age of Vorukivi district heating system makes more than 25 years.

The maximal consumed thermal capacity makes 1,1 MW of what heating makes
0,7 MW and hot water supply makes 0,4 MW. The temperature mode of a network
makes 105/70 °C at temperature of external air —22 °C. Qualitative-quantitative
regulation is used. The amount of heat released by a boiler-house in a network
makes ~2500 MWh, consumption makes ~2100 MWh and networks heat losses
make ~400 MWh (16%).

At old underground network in the concrete channel, practically there is no
drainage for removal of rainwater.

The length of a underground pipelines placed in the concrete channel makes 143
m (17,3 %), the length of an old air pipelines makes 110 m (13,3%)and length of
the reconstructed network from the preinsulated pipes makes 574 m (69,4 %). The
total length of a network makes 827 m. The area of a pipes surface makes 528 m’
and the volume of pipes makes 12,5 m®. There is a two pipes system.

Kuressaare district heating network

Kuressaare networks boiler-house has become operational since 1965 year. The
age of the oldest parts makes more than 45 years. District heating network is
reconstructed in 80-90s years.

Two boiler-houses work in the united network. Capacity of boiler-house Kalevi
makes 35 MW, and Luha boiler-house — 16MW.

The maximal consumed thermal capacity makes 51 MW of what heating makes
34 MW and hot water supply makes 17 MW. The temperature mode of a network
makes 120/70 °C at temperature of external air —19 °C. Qualitative-quantitative
regulation is used. The amount of heat released by a boiler-house in a network
makes ~82000 MWh, consumption makes ~62000 MWh and networks heat losses
make ~20000 MWh (24%).
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The length of a underground pipelines in the concrete channel makes 20973 m
(76,6 %), the length of an old air pipelines makes 4156 m (15,2 %), and length of
the reconstructed network from the preinsulated pipes makes 2237 m (8,2 %). The
total length of a network makes 27366 m. The area of a pipes surface makes 25689
m” and the volume of pipes makes 1043 m’. There is a two pipes system.

Orissaare district heating network

Orissaare network has become operational since 1970 year. District heating
network is totally reconstructed in 1993-96 years.

The maximal consumed thermal capacity makes 2 MW of what heating makes
1,9 MW and hot water supply makes 0,1 MW. The temperature mode of a network
makes 95/70 °C at temperature of external air —19 °C. Qualitative-quantitative
regulation is used. The amount of heat released by a boiler-house in a network
makes ~ 3500 MWh, consumption makes ~3080 MWh and networks heat losses
make ~420 MWh (12%).

The length of a underground pipelines in the concrete channel makes 916 m (57
%), the length of an air pipelines makes 43 m (2,6 %)., and length of the network
from the preinsulated pipes makes 648 m (40,3 %). The total length of a network
makes 1606 m. The area of a pipes surface makes 1540 m* and the volume of pipes
makes 60 m’. The network is in very good conditions. There is a two pipes system.

Terme district heating network in Tiiri city

Terme network has become operational since 1972 year. During with 1980 for
1990 years the district heating system strongly extended.

The maximal consumed thermal capacity makes 6,9 MW of what heating makes
6,1 MW and hot water supply makes 0,8 MW. The temperature mode of a network
makes 90/70 °C at temperature of external air —22 °C. Qualitative-quantitative
regulation is used. The amount of heat released by a boiler-house in a network
makes ~18300 MWh, consumption makes ~10980 MWh and networks heat losses
make ~7320 MWh (40%). There is a mainly two pipes system and partly four pipes
system.

The length of a underground pipelines in the concrete channel makes two pipes
system — 4810 m (61,4 %) and four pipes system — 1271 m (16,2 %), the length of
an old air pipelines makes 1328 m (17 %), and length of the reconstructed network
from the preinsulated pipes makes 419 m (5,4 %). The total length of a network
makes 7828 m. The pipes surface area makes 5582 m” and the volume of pipes
makes 173 m’.
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Vabriku district heating network in Tiiri city

Vabriku network has become operational since 1982 year.

The maximal consumed thermal capacity makes 8 MW of what heating makes 7
MW and hot water supply makes 1 MW. The temperature mode of a network
makes 90/70 °C at temperature of external air —22 °C. Qualitative-quantitative
regulation is used. The amount of heat released by a boiler-house in a network
makes ~15000 MWh, consumption makes ~ 12000 MWh and networks heat losses
make ~3000 MWh (20%).

The length of a underground pipelines placed in the concrete channel makes
4409 m (87,5 %), the length of an old air pipelines makes 241 m (4,8 %) and length
of the reconstructed network from the preinsulated pipes makes 390 m (7,7 %).
The total length of a network makes 5040 m. The area of a pipes surface makes
4286 m” and the volume of pipes makes 153 m’. There is a two pipes system.

In figure 3.1 the valid relative heat losses of networks on months are given.
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Figure 3.1 Relative heat losses of district heating systems
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3.2 The valid efficiency of thermal insulation of a underground
network lying in the concrete channel

Using model for heat losses calculation and knowing the valid heat losses, the valid
heat transfer coefficients of the pipes, which are lying in the underground concrete
channel, have been received.

The valid heat losses are received as a difference of heat quantity supplied in a
network from a boiler-house and quantities of heat received by consumers.

Knowing the valid heat losses, types of a pipes lining, lengths and diameters of
pipes, thickness of thermal insulation, the valid temperature of the heat-carrier and
air, thermal insulation efficiency of an underground network is estimated.

For definition of thermal insulation efficiency the model for heat losses
calculation has been used at the certain assumptions and simplifications.

In the first have assumed, that the preinsulated pipes polyurethane foam
insulation heat conductivity coefficient does not change and is constant in current
of year (A;; = 0,03 W/(mK)), as pipes are tight also a moisture does not get in
thermal insulation.

In the second, change of ground heat conductivity in current of year has not
been considered. The coefficient of heat conductivity of a stony and sandy ground
for all year is taken equal A, = 2,38 W/(mK). The coefficient of heat conductivity
of stony and sandy ground can change in current of year, at change of ground
humidity, within the limits of 1,85-2,9 W/(mK). Change of ground heat
conductivity at effective thermal insulation does not render very big influence on a
heat transfer coefficient.

Hence, for a network part made from the preinsulated pipes with polyurethane
insulation, heat losses basically will depend on one variable, which will be
temperature of air. The heat transfer coefficient of an underground network lying in
the concrete channel and an air network depend on heat conductivity of thermal
insulation, which it will be necessary to define.

Change of insulation heat conductivity, event in current of year owing to change
of humidity and temperature of thermal insulation, for the considered networks is
resulted in figure 3.2. As we see, heat conductivity of thermal insulation of old
underground networks in current of year considerably changes and the reason of it
basically is change of humidity.

The moisture can get in the underground concrete channel through the
destroyed waterproofing, through connection of concrete elements, through
chambers of a network, which are below a level of channels. Owing to insulation
humidifying its heat conductivity can increase up to five times A = 0,05-0,25
W/(mK) during the rainy periods of year.

Heat conductivity essentially increases during the rainy spring and autumn
periods of year, and in the winter period during a thawing weather when the snow
thaws. In the end of spring, in the summer, in the beginning of autumn thermal
insulation practically completely dries up. Heat conductivity of dry thermal
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insulation makes A;; = 0,05— 0,07 W/(mK) and this value coincides with data on
heat conductivity of the glass wool brought in the literature [35].

In figures 3.3 (on a running meter) and 3.4 (on square meter) change of a heat
transfer coefficient of an underground network in current of year is resulted. The
diameter of a pipe there is less and coefficient of a heat transfer on unit of the area
will be bigger. The coefficient of a heat transfer increases for one running metre of
a pipe with growth of diameter.

Heat losses of an underground network lying in the concrete channel are shown
in figure 3.5.

Value of annual average heat conductivity coefficient is resulted in figure 3.6.

Apparently from figures, average annual values of the heat transfer coefficients
received for some years, practically coincide. Old underground networks pipes heat
transfer coefficients considerably exceed the same values for the preinsulated
pipes.

Proceeding from the received results it is possible to draw following
conclusions that at an estimation of heat losses of old underground networks it is
necessary to use different values of heat conductivity coefficient for the different
periods of year. In figure 3.7 advised values of heat conductivity coefficients for
the various periods of year are resulted.

Further formulas for heat losses power calculation of the considered networks
are resulted. Factors in formulas consider the valid efficiency of thermal insulation,
length and diameters of networks sites. For calculation of network heat losses in
formulas it is necessary to substitute a difference of average temperature of the
heat-carrier and air. These formulas allow to estimate heat losses also for the
future.

Theoretically calculated and valid formulas for definition of heat losses of
networks are resulted in a following kind: Quu=C,.+®, where O is difference
between average temperature of water and outdoor temperature. Values of factor
C.t and used values of heat conductivity coefficients A are resulted in table 3.1.

It is clearly visible, that efficiency of thermal insulation of old networks is far
from an ideal, in comparison with value of new stone wool heat conductivity 0,05
W/(mK), average annual efficiency of old thermal insulation more than twice
below. During rainy autumn and springtime, in the winter during a thawing
weather, efficiency of thermal insulation decreases in comparison with new dry
insulation more than three times.

The reason of low efficiency of old thermal insulation is that old thermal
insulation from glass wool was condensed from influence of a moisture and heat
has sagged, the waterproofing of channels is damaged, the drainage has collapsed
and as a result water gets in the channel and humidifies thermal insulation.

Exception is completely reconstructed heating network Orissaare, there
efficiency of thermal insulation is approximately equal to efficiency of dry new
stone wool.
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Table 3.1 Theoretically calculated and valid factors C,., for network heat losses formulas.

Theoretically Year Real C,; Year
DH
twork calculated values
ne [ A
Voru city, 0,0183 0,05 1997 — 1999 0,031 1995
Vorusoo 0,0243 0,08 0,0313 1996
and 0,0335 0,145 0,0354 1997
Vabaduse 0,0349 1998
networks 0,0323 1999
Voru city, 0,0008 0,05 0,0014 1995
Vorukivi 0,0011 0,08 1995 — 1996 0,0018 | 1996until
network 0,0016 0,145 summer 0,0010 | summer
0,00091 | 1996autumn
0,0006 0,05 0,00086 1997
0,0007 0,08 1996 0,00085 1998
0,0009 0,145 autumn-1999 1999
after partly
renovation
Kuressaare 0,0338 0,05 1996 — 1999 0,0464 1996
network 0,0468 0,08 0,0407 1997
0,0678 0,145 0,0444 1998
0,0428 1999
Orissaare 0,0012 0,05 1997-1999 0,00144 1997
network 0,0015 0,08 0,00134 1998
0,0021 0,145 0,00134 1999
Tiiri city, 0,0084 0,05 1996 — 1999 0,0132 1996
Terme 0,0117 0,08 0,0144 1997
network 0,0172 0,145 0,0143 1998
0,0143 1999
Tiiri city, 0,0054 1998 — 1999 0,0082 1998
Vabriku 0,0072 0,0071 1999
network 0,0098
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Figure 3.2 Changes in insulation heat conductivity of old underground networks
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33 The analysis of the received results and conclusions

The purpose of the given research was to determine the valid efficiency of thermal
insulation of old thermal networks. The analysis is made with use of thermal model
of a network and the valid data on heat losses of a network.

Six district heating networks have been considered: Vorusoo and Vorukivi in
Voru city, Kuressaare, Orissaare, Terme and Vabriku in Tiiri city. For each
considered district heating network the thermal model has been made.

Data have been entered into thermal model of a network: lengths and diameters
of pipes, thickness of thermal insulation, type of a lining and other data on a design
of a network.

After the thermal model of a network has been made the valid temperatures of
the heat-carrier and air, and also the valid heat losses have been entered in it.
Efficiency of pipes thermal insulation has been as a result certain.

The final result had been estimated coefficient of heat conductivity of thermal
insulation at which calculated by means of thermal model heat losses coincided
with the measured heat losses. Calculations are made on months.

During work it was found out, that value of coefficient of heat conductivity
strongly depends on a season is more exact from a changing humidity. During the
rainy spring and autumn period, in the winter and in the spring at thawing a snow,
the coefficient of heat conductivity of insulation strongly increased from for
humidifying.

The coefficient of heat conductivity increased during the damp period of year
for example in Vorusoo and Vorukivi networks up to five times 0,05 — 0,25
W/(mK), while during the dry summer period of year was much less 0,05 — 0,07
W/(mK).

The reason of such substantial growth of heat conductivity is seasonal
humidifying of thermal insulation of an underground network.

In Kuressaare district heating network heat conductivity of insulation during the
rainy period of year increases up to 2,5 times: 0,05 — 0,125 W/(mK), and in dry
period practically does not change: 0,05 — 0,06 W/(mK).

Heat conductivity of pipes insulation in Terme network in Tiiri city during the
rainy period increases in 3,4 times: 0,05 — 0,17 W/(mK), during the dry period is
within the limits of 0,05 — 0,07 W/(mK) and in the second Vabriku network heat
conductivity during the rainy period increases in 3 times: 0,05 — 0,152 W/(mK),
during the dry period is within the limits of 0,05 — 0,07 W/(mK).

In completely reconstructed district heating system Orissaare, seasonal change
of heat conductivity of thermal insulation is very insignificant: 0,05 — 0,068
W/(mK) and is caused by growth of temperature during the heating period. During
the dry period is within the limits of 0,05 — 0,06 W/(mK). Growth of heat
conductivity of insulation owing to humidifying of thermal insulation does not
occur. As we see, value of heat conductivity coefficient in current of year
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practically does not change and coincides with data for new dry thermal insulation
from mineral wool [35].

By means of thermal model of a network, pipes heat transfer coefficients of an
underground network and there change depending on the period of year are certain.

For example in Vorusoo DH network, for pipes DN50 the heat transfer
coefficient increases in 2,95 times: 0,24 — 0,72 W/(mK) and for pipes DN350 —
2,28 times: 0,66 — 1,50 W / (mK). Hence the increase in a heat transfer coefficient
in the spring and in the autumn during the rainy period, in the winter and in the
spring at thawing a snow, can reach three times. With reduction of a pipe diameter,
change will increase.

The heat transfer coefficient in Vorukivi DH network increases for pipes DN32
in 2,76 times: 0,23 — 0,64 W/(mK) and for pipes DN70 — 2,46 times: 0,32 — 0,79
W/(mK).

In Kuressaare DH network, for pipes DNS50 the heat transfer coefficient
increases in 2 times: 0,252 — 0,504 W/(mK) and for pipes DN300 — 1,78 times:
0,62 — 1,1 W/(mK). Hence the increase of a heat transfer coefficient in the spring
and in the autumn during the rainy period, in the winter and in the spring at
thawing a snow, can reach up to two times (1,7 — 2 times).

The heat transfer coefficient in Terme DH network increases for pipes DN50 in
2,35 times: 0,25 — 0,59 W/(mK) and for pipes DN200 — 1,97 times: 0,55 — 1,1
W/(mK). The increase will make 2 — 2,4 times.

The heat transfer coefficient in Vabriku DH network increases for pipes DN50
in 2,22 times: 0,25 — 0,56 W/(mK) and for pipes DN250 — 1,82 times: 0,63 — 1,15
W/(mK). The increase will make 1,8 — 2,2 times.

As have shown researches, heat transfer coefficients of underground network
pipes, during the rainy period can increase in 1,7 — 3 times. The average increase of
a pipes heat transfer coefficient in old networks makes two times.

In totally renovated Orissaare network, for pipes DN50 the heat transfer
coefficient increases only in 1,3 times: 0,24 — 0,36 W/(mK) and for pipes DN250 —
1,4 times: 0,35 — 0,52 W/(mK). The small increase of a heat transfer coefficient
occurs only in some rainy months of the heating period due to humidifying a
ground and increase in heat conductivity of insulation at increase in its
temperature.

In the given research the overall heat transfer coefficients describing efficiency
of thermal insulation of all network, consisting of parts with a different design and
efficiency of thermal insulation also are certain. The heat transfer coefficient is
given on unit of the area.

The overall heat transfer coefficient for Vorusoo network is in the limits 1,82 —
2,08 W/(m’K).

The overall heat transfer coefficient for Vorukivi network after partly
reconstruction in 1997 year is in the limits 1,61 — 1,72 W/(m°K), before
reconstruction was considerably above — 2,65 W/(m’K).

The overall heat transfer coefficient for Kuressare network is in the limits 1,58 —
1,81 W/(m’K).
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For the Terme network in Tiiri town the overall heat transfer coefficient is 2,36
— 2,56 W/(m’K) and for Vabriku network the overall heat transfer coefficient is 1,7
— 1,9 W/(m’K).

The overall heat transfer coefficient for Orissaare totally renovated network is
considerably below than in other networks and is in the range 0,87 — 0,94
W/(m’K). The coefficient of a heat transfer in network Orissaare, practically
coincides with calculated values for the preinsulated pipes and efficiency of
thermal insulation is at the same level as at modern networks. At other considered
old networks efficiency of thermal insulation below in 2 — 2,5 times than at modern
networks.

Results of the given researches are presented in my articles of many scientific
conferences.

By means of thermal model of the network developed in given work, the
thorough estimation of thermal insulation efficiency for several tens Estonian
networks is lead.

Novelty of the developed thermal model consists that it allows determining
precisely enough values of pipes heat transfer coefficients in old district heating
networks. For the first time the valid data by efficiency of thermal insulation of old
networks have been obtained and using obtained data it is possible to count
precisely enough heat losses of networks where the valid data on heat losses are
absent.
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4 EXAMPLES OF DISTRICT HEATING SYSTEMS
OPTIMIZATION MODEL APPLICATION

4.1 The description of investigated district heating networks

During the given research, hydraulic modes of Estonian old district heating systems
with different capacity have been analysed.

Usual old district heating systems in which the most part passes in the
underground concrete channel have been chosen. In total 14 district heating
systems of different capacity have been considered:

e distributed heat up to 5000 MWh/year: Haiba, Imavere, Ardu;
e distributed heat in an interval 5000 — 10000 MWh/year: Répina, Koeru,

Sindi;

e distributed heat in an interval 10000 — 50000 MWh/year: Viimsi,
Haabneeme;

e distributed heat in an interval 50000 — 100000 MWh/year: Keila, Voru,
Kivioli;

e distributed heat over 100000 MWh/year: Tallinn city district heating
networks (Lasnamée, Mustamie, Kesklinn).

For each considered district heating system the full hydraulic model has been
made.

At definition of the heat-carrier flow rate, for a basis have taken the valid
thermal loadings of consumers. The valid loadings have been received knowing the
valid consumption of heat for the last 3—5 years.

Hydraulic models have been made both for winter, and for summer loadings.

Calculations of hydraulic modes are made both for the old not optimized
network, and for new optimized.

During hydraulic calculations valid velocities and specific hydraulic resistances
of the heat-carrier have been found for each part of an old network. After, during
networks optimization optimum values of velocities and specific hydraulic
resistances of the heat-carrier have been found.

4.2 Results of optimization

4.2.1 District heating networks with heat output up to 5000
MWh/year

District heating systems with heat distribution up to 5000 MW/year are the smallest
considered systems, such as Haiba, Imavere, Ardu networks.

73



The considered district heating networks are constructed in 1970-80 years of
the last century. Basically it is underground networks placed in the concrete
channel. As thermal insulation glass wool by thickness 50 mm is used.

The given networks have small length which makes 500-2000 m: Haiba
networks length is 597 m, Imavere - 1905 m and Ardu — 982 m.

District heating systems with small heat output can be compact, as Haiba and
Ardu networks in which thermal loading for small networks is enough big,
accordingly 4,5 MWh/m and 3,5 MWh/m and stretched, as Imavere, which length
is enough big - 1905 m, and heat loading is small 1,7 MWh/m in year.

For carrying out of hydraulic calculations, schemes of old networks have been
restored, lengths and diameters of all parts are certain.

Thermal loadings of a network parts have been certain knowing the valid
loadings of consumers. On thermal consumption of last years the greatest loadings
have been found at the minimal calculation temperature of external air.

In figure 4.1 the valid heat loading of a network parts depending to pipe
diameter is shown and dependence of optimum loadings values of a pipe diameter

D, = f(Q) is shown.

In figure 4.2 the valid and optimum values of water velocities depending to pipe
diameter are shown W= f(D,).

opt.
In figure 4.3 the valid and optimum values of friction losses depending to pipe
diameter are shown R, = f(D,).

Results presented in figures 4.1 and 4.3 are received both for the biggest winter
loading, and for the least summer loading.
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Haiba network Ds=f(Q)
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Figure 4.1 Valid and optimal values of internal diameter depending to heat load
D, = f(Q) (Haiba, Imavere, Ardu)
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Haiba network W=f(Ds)
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Figure 4.2 Valid and optimal values of water velocity depending to pipe diameter
W = f(D,) (Haiba, Imavere, Ardu)
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Haiba network R=f(Ds)
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Figure 4.3 Valid and optimal values of friction losses depending to pipe diameter
R, = f(D,) (Haiba, Imavere, Ardu)
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4.2.2 District heating networks with heat output in an interval 5000
10000 MWh/year

In following group district heating systems of bigger settlements and cities, in
which heat distribution makes 5000-10000 MWh/year, are given.

In the given group district heating systems of Répina, Sindi cities and Koeru
settlements are considered. These are typical networks of small cities and the rural
centres.

The given networks length makes in Répina network — 1732 m, Koeru — 2390 m
and Sindi — 2139 m.

For the considered small networks the loading are enough big and make for the
Répina network — 3,1 MWh/m in year, for Koeru network — 4,1 MWh/m and for
Sindi network — 4,5 MWh/m in year.

In figure 4.4 the valid heat loading of a network parts depending to pipe
diameter is shown and dependence of optimum loadings values of a pipe diameter

D,,, = f(Q) is shown.

In figure 4.5 the valid and optimum values of water velocities depending to pipe
diameter are shown W, = f(D,).

opt.
In figure 4.6 the valid and optimum values of friction losses depending to pipe
diameter are shown R, = f(D,).
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Réipina network Ds=f(Q)
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Ripina network W=f(Ds)
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Figure 4.5 Valid and optimal values of water velocity depending to pipe diameter
W = f(D,) (Réipina, Koeru, Sindi)
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Riipina network R=f(Ds)
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Figure 4.6 Valid and optimal values of friction losses depending to pipe diameter
R, = f(D,) (Ripina, Koeru, Sindi)
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4.2.3 District heating networks with heat output in an interval 10000—
50000 MWh/year

This group includes district heating networks of two quickly developing
settlements Viimsi and Haabneeme.

Lengths of district heating networks are the following: Viimsi — 3921 m and
Haabneeme — 4800 m. Specific thermal loadings are the following: in Viimsi — 2,7
MWh/m year and in Haabneeme — 3,6 MWh/m year.

As a result of rapid development of settlements, length and loadings of district
heating systems can in the future considerably will increase. Specific thermal
loading can increase up to 5-6 MWh/m year.

Calculations are made both for existing networks, and in view of loading
growth and expansion of networks.

In figure 4.7 the valid heat loading of a network parts depending to pipe
diameter is shown and dependence of optimum loadings values to a pipe diameter

D,,, = f(Q) is shown.

In figure 4.8 the valid and optimum values of water velocities depending to pipe
diameter are shown W, = f(D,).

opt.
In figure 4.9 the valid and optimum values of friction losses depending to pipe
diameter are shown R, = f(D,).
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Viimsi network Ds=f(Q)
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Figure 4.7 Valid and optimal values of internal diameter depending to heat load
D, = f(Q) (Viimsi, Haabneeme)
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Figure 4.9 Valid and optimal values of friction losses depending to pipe diameter
R, = f(D,) (Viimsi, Haabneeme)
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4.2.4 District heating networks with heat output in an interval 50000 —
100000 MWh/year

The given group includes district heating networks of enough big towns, such as
Keila, Voru and Kividli.

Lengths of district heating networks are the following: Keila — 11916 m, Voru —
20083 m, Kividli — 11004 m.

Specific thermal loadings is enough big and are the following: in Keila network
— 5,0 MWh/m year, Voru — 3,8 MWh/m, Kivioli — 5,1 MWh/m.

In the near future fast development of towns and district heating networks it is
not supposed.

Hydraulic calculations and optimization are made for different temperature
modes of the heat-carrier.

In figure 4.10 the valid heat loading of a network parts depending to pipe
diameter is shown and dependence of optimum loadings values of a pipe diameter

D,,, = f(Q) is shown.

In figure 4.11 the valid and optimum values of water velocities depending to
pipe diameter are shown W, , = f(D,).

In figure 4.12 the valid and optimum values of friction losses depending to pipe
diameter are shown R, = f(D,).
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Keila network Ds=f(Q)
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Figure 4.10 Valid and optimal values of internal diameter depending to heat load
DS = f (Q) (Keila, Voru, Kivioli networks)
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Figure 4.11 Valid and optimal values of water velocity depending to pipe diameter
W = f(D,) (Keila, Voru, Kivioli networks)
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Keila network R=f(Ds)
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Figure 4.12 Valid and optimal values of friction losses depending to pipe diameter
R, = f(D,) (Keila, Véru, Kivioli networks)

89



4.2.5 District heating networks with heat output over 100000
MWh/year

These are district heating networks of big cities with length of 50-200 km
kilometres and with annual heat distribution over than 100000 MWh.

The given group includes the biggest district heating systems of Estonia,
networks of Tallinn city: Kesklinn, Mustamie-Oismie, Lasnamie. Kesklinna and
Lasnamée networks are connected through heat exchangers in pump station
Laagna.

Lengths of district heating networks are the following: Kesklinna network —
82902 m, Lasnamie network— 86561 m, Mustaméie-Oisméie network — 144036 m.

Specific thermal loadings is more than in small towns and are the following:
Kesklinna network — 5,4 MWh/m year, Lasnamie — 5,6 MWh/m, Mustamée-
Oismie — 6,0 MWh/m.

In figure 4.13 the valid heat loading of a network parts depending to pipe
diameter is shown and dependence of optimum loadings values to a pipe diameter

D,,, = f(Q) is shown.

In figure 4.14 the valid and optimum values of water velocities depending to
pipe diameter are shown W, = f(D;).

In figure 4.15 the valid and optimum values of friction losses depending to pipe
diameter are shown R, ,, = f(D,).

Hydraulic calculations and optimization are made for valid temperature mode of
the heat-carrier.
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Kesklinn Ds=f(Q)
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Figure 4.13 Valid and optimal values of internal diameter depending to heat load
D, = f(Q) (Kesklinna, Lasnamdie and Mustamdie-Oismde networks)
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Kesklinn W=f(Ds)
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Figure 4.14 Valid and optimal values of water velocity depending to pipe diameter
W = f(D,) (Kesklinna, Lasnamde and Mustamdie-Oismdie networks)
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Kesklinn R=f(Ds)

old network, maximum load (130/70)
old network, summer load

optimized network, summer load (130/70)
optimized network, maximum load (130/70)
d network, maximum load (110/70) —

X oo

—— Power (optimized network, maximum load (130/70))
- = — Power (optimized network, maximum load (110/70))

= y = 12,991x"%
100 R*=0,9999
50 | =301,51x""
R'=1
0
0 100 200 300 400 500 600 700 800 900 1000
Ds, mm
Lasnaméie R=f(Ds)
250
4 old network, maximum load (130/70)
# old network, summer load
- X optimized network, summer load (130/70)
200 A optimized network, maximum load (130/70) [
optimized network, maximum load (110/70)
A —— Power (optimized network, maximum load (130/70))
150 ——— Power (optimized network, maximum load (110/70))
E y =12,783x"4%¢
S s
A R?=0,9999
& 100
_ -0,276:
50 - = 29?,2)&
R°=1
0
0 200 400 600 800 1000 1200 1400
Ds, mm
Mustamie R=f(Ds)
250 -
N 4 old network, maximum load (130/70)
Y B old network, summer load
X optimkized network, summer load (130/70)
200 A imized network, summer load (130/70) H
[ optimized network, maximum load (110/70)
o —— Power (optimized network, summer load (130/70))
150 — -~ Power (optimized network, maximum load (110/70))
£150 | %y
g e y =12,991x"3
& < 4 R’ =0,9999

=301,51x""7

R’=1

600 800 1000 1200 1400
Ds, mm

Figure 4.15 Valid and optimal values of friction losses depending to pipe diameter
R, = f(D,) (Kesklinna, Lasnamde,Mustamdie-Oismdie )
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4.3 Conclusions by results of the networks optimization calculations

At optimum internal diameter of a pipe, cost of heat losses will be bigger than costs
of heat-carrier pumping and in very insignificant degree influence the optimum
value: displace a curve of total costs a little to the left, aside smaller diameters and
bigger velocities.

Hence it is possible to draw a conclusion, that change of heat losses cost
practically does not influence value of an optimum, only displaces a curve of total
costs on a vertical upwards, at increase in heat losses and downwards, at reduction
of heat losses.

By networks optimization, formulas for calculation of a pipes diameter
optimum values, hydraulic losses, velocities of the heat-carrier and thermal loading
are deduced using formulas (2.99), (2.100), (2.101) and (2.102):

Rl,opt. = Cl D:h ’ :CZ D:“z s Qopt. = C3 ,DS”3, Ds,opt = C4 'Qn4

Values of constants C,,C,,C;,C, and exponents n,, n,, n,, n, depend on

opt.

cost of heat distribution in a network.

It is possible to draw a conclusion that values of constants and exponents
depend basically on a temperature mode of the heat-carrier from which its flow
depends. In the given research temperature drop of the heat-carrier within the limits
of At=25-60°C are considered.

Cost of heat losses practically does not influence value of a pipes diameter
optimum. With reduction of At value the optimum value of diameter will increase.

The increase of a network construction cost will displace a site of diameter
optimum value aside smaller diameters and bigger velocities of the heat-carrier.

It is possible to draw a conclusion, that the site of an optimum basically is
certain by a ratio of pumping costs of the heat-carrier and construction of a
network.

The increase in pumping cost, owing to growth of electricity cost, displaces a
site of an optimum aside bigger diameters and smaller velocities of the heat-carrier.

The increase in construction cost of a network displaces a site of an optimum
aside smaller diameters and bigger velocities.

In existing Estonian district heating networks, velocity of the heat-carrier and
specific hydraulic losses, as a rule, below optimum values. This situation exists
because old networks where designed for much bigger load and take into account
growing potential. In present time the heat load of consumers is 20-30 % less than
designed (in some cases is up to 2 times less) [46,47,48].

Pumping costs in old networks with over dimensioned pipes are much lower
than in new optimized networks. At the same time heat losses in old networks with
over dimensioned and badly insulated pipes are times higher. The saving in heat
losses gives great increasing of total DH distribution cost.
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Despite of smaller cost of the heat-carrier pumping, total cost of heat
distribution in old networks will be bigger, than in new networks, owing to over
dimensioned diameters and considerably the worst thermal insulation.

As figures shows, real friction losses in pipes are mainly less than optimal
values and in some old pipes mainly with small diameters (about 50 mm) are
higher. The friction loss optimal value is not constant for all diameters, as rule of
thumb say. For the smaller diameters friction losses optimal values are higher than
for bigger diameters. Similar tendency was presented by the G.Phetteplace in [16].

In figures 4.16 — 4.19 and in table 4.1 values and functions for calculation of
optimum values of diameter, velocity of the heat-carrier, specific pressure loss and
thermal loading are resulted for heat-carrier different temperature modes.

Results are received at the today's prices for construction of networks and for
electricity. Cost of heat influences cost on distribution of heat, but practically do
not influence value of a diameter optimum.

The received dependences can be used at practical engineering calculations. For
simplification of engineering calculations table 4.1 is made, in which formulas for
calculation of diameter optimum values, specific hydraulic resistance, velocity of
the heat-carrier and distributed heat amount are resulted. Dependences are given
for different temperature modes of the heat-carrier.

By results of the lead researches a number of scientific articles is written (look
the list of publications).

Apparently from the lead researches in chapter 3.2 on an example of
optimization, value of an optimum depends basically on the flow rate of the heat-
carrier, which depends from a difference of temperatures of the heat-carrier. Other
changes in costs displace a curve of total costs only on a vertical upwards or
downwards, at practically constant value of a diameter optimum.

Table 4.1 Constants and exponents for formulas by definition of optimum diameter,
hydraulic resistance, velocity of the heat-carrier and heat loading.

Temperature Rl,opt. = Cl ’ D;ll VVupt. = C2 : D.;zz Qopt. = C3 ’ Z)s”3 Ds,opt = C4 : Q”4

difference, °C of n, C, n, C; n; C, ny
delta 25 810 |-0,4034| 0,1464 | 0,4266| 0,0117 | 2,4266] 6,2502] 0,4121
delta 35 274,331 -0,2928 | 0,0844 1 0,4832] 0,0094 | 2,4832| 6,5362| 0,4027
delta 40 301,511 -0,2776 ] 0,0889 ] 0,4907] 0,0113 ] 2,4907| 6,0485] 0,4015
delta 50 22,454 0,2796 | 0,0241 | 0,7709| 0,0038 | 2,7709| 7,4515] 0,3609
delta 60 13,076 | 0,3429 | 0,0183 ] 0,8035] 0,0035] 2,8035| 7,5381] 0,3567

The note: Cost of heat practically does not influence value of an optimum.
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Figure 4.16 Optimal diameter depending to heat load D, = f(Q)
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Figure 4.17 Optimal heat load depending to pipe diameter Q = f(D,)
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Optimized water velocity W=f(Ds)
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Figure 4.18 Optimal velocity of water depending to pipe diameter W = f (D)
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Figure 4.19 Optimal friction depending to pipe diameter R, = f (DS)
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5 THE MAJOR CHARACTERISTIC PARAMETERS
OF THE ESTONIAN DISTRICT HEATING NETWORKS
AND THEIR DIFFERENCE FROM OPTIMAL VALUES

5.1 The major characteristic parameters of the district heating
networks

The major characteristic parameter for estimating the efficiency of the district
heating networks is heat loss factor g, The heat loss factor is a ratio between the
heat loss and the quantity of heat supplied to the district heating network. The heat
loss factor does not depend only on the efficiency of the pipe insulation. It depends
on the following parameters:

e The overall heat transfer coefficient K,, in W/(m*K), which characterizes
the efficiency of pipe insulation;

e The specific surface area of the distribution pipes A/L, in m*/m, which
characterizes of the average size of the district heating pipes;

e The degree-hours number | Odr, in °C-h, which indicates the level of
water/steam distribution temperature relative to the annual average of the
outdoor temperature;

e The specific heats supply O/L, in MW-h/m, which characterizes the
concentration of the district heating demand,

where

A— surface area of the distribution pipes, m?;

L— pipes length, m;

O — difference between water average temperature and outdoor temperature, °C;

7 — water average temperature and outdoor temperature difference duration time, h;
O- the annual quantity of the heat supplied to the district-heating network, MW-h.

The overall heat transfer coefficient can be calculated on the basis of design
data of the district networks or estimated from the heat loss measurements. In the
present work the overall heat transfer coefficient is calculated on the basis of the
annual heat losses. The annual heat losses are calculated as difference between the
heat supplied to the district heating network and the heat measured at the
consumers. The heat losses with DH water leakages are less than 1% and there are
also take into account in calculations. The relative error of the heat-flow meters is
within + 2 % — +5 %, depending on the load.

The heat loss factor is given by:

Oy K(,'A'I@CZT (A/L)-I@dz'
Gy =5 = =K, —
0 ) (Q/L)
where

Ows  —the annual distribution heat loss, MW-h;

) .1
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0 — the annual quantity of the heat supplied to the district heating network,
MW-h.

The real overall heat transfer coefficient K,, is given by:
K, = Dy , W/(m>K). (5.2)
(A/L)- j 0 dr
(Q/L)

Calculated overall heat transfer coefficient is given by:

n m /
ZKk,i 'Ak,i +ZK5,i 'Aa,i +ZKe,i 'Ae,i
i=1 i=1 i=1

Ko = - - - , W/(m’K). (5.3)
DA+ A+ YA
where " - -
K, — heat transfer coefficient of underground canal pipelines, W/(m’K);
K, — heat transfer coefficient of on the ground pipelines, W/(m’K);
K, — heat transfer coefficient of underground preinsulated pipelines, W/(m°K);
A4,, 45, A, —pipes surface area 4, =2-7-D, ;- L,, m’,

For analysing district heating network efficiency, the heat loss factor can be
divided into two parts: the overall heat transfer coefficient and the distribution
parameter. The distribution parameter is given by:

(A/L)-|Odr
qdp = thf = J. . (mzK)/W (54)
K, (Q/L)
The average diameter of the district heating pipes d, is given by:
AlL
d, = AL , m. (5.5)
2.7

In following chapter 5.2 characteristic parameters of considered district heating
systems are resulted. Results are received in two stages. During the first stage (in
2000 year) the estimation of thermal insulation efficiency has been made in
networks of the Voru city, Tiiri, Kuressaare, Orissaare and Pdlva. During the
second stage (in 2000 — 2009 years) the estimation of thermal insulation efficiency
and hydraulic modes has been made for more than 20 district heating networks.

The major characteristic parameters of the Estonian district heating networks
are estimated for the first time according to presented methodology and compared
one to another and with the typical modern Nordic networks.

Using the described method total overall heat transfer coefficients for the
different district heating networks in Tallinn and small Estonian towns were
calculated and analysis carried out. The results of the calculations are presented in
figures 5.1 and 5.3. For the comparison the relevant data about Swedish district
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heating networks are provided. As shown in figures 5.1 and 5.3, the total overall
heat transfer coefficients for the different underground ducts of the district heating
pipes in Tallinn and small Estonian towns are much higher (up to 3 times) than the
same coefficients for the pre-insulated district heating pipes with the same
diameters.

The overall heat transfer coefficients certain during the first stage of researches
are brought in figure 5.1. In figure 5.1 dependence of the overall heat transfer
coefficient on average diameter of network pipes is resulted. The bottom curve
corresponds to calculated heat transfer coefficient of the preinsulated pipes of the
second class of thermal insulation. For comparison data on overall heat transfer
coefficients for typical Swedish district heating networks are cited.

During the second stage of researches when the analysis of hydraulic modes of
networks is made, the basic characteristics also are received.

In figure 5.3 the overall heat transfer coefficients received during the second
stage of researches are resulted and in figure 5.4 loadings of networks are brought.

Also be certain with what values of parameters after carrying out of full
optimization and reconstruction could. The considered district heating systems are
grouped by heat loadings.

Apparently from research, at the majority of old district heating systems the
overall heat transfer coefficients are within the limits of 1,5 — 2 W/(m® K). In
Orissares totally renovated network, overall heat transfer coefficient is about 0,9 —
1,0 W/(m’K), and it is in the same range that in modern western networks. On a
design of a district heating system are very similar. The most part of district
heating systems situated in the underground concrete channel — 73—-87 %, the air
part makes on length of 5-15 % and the reconstructed underground part from the
preinsulated pipes makes 8—15 %. Average diameters of district heating systems
pipes are similar and make 0,135-0,155 m.

Efficiency of heat insulation for typical Estonian networks, which is estimated
by the overall heat transfer coefficient, is 2—3 times less than same value for the
ordinary Swedish networks. For example in the Vorusoo network, overall heat
transfer coefficient during last years is in the range 1,8—1,9 W/(m’K), and this
value is about 2 times higher than in Swedish networks.

Analysing the district heating networks efficiency we can also use the specific
volume heat supply (Q/F) in MW-h/m’, where ¥ is total volume of district heating
networks pipes. Figure 5.2 presents the specific volume heat supply for different
district heating networks depending on the specific heat supply O/L, MW-h/m.

In typical Swedish district heating systems specific volumetric heat supply
makes 160 — 170 (MWh)/m® at specific heat loading 5 — 6 (MWh)/m and average
diameter of pipes 140 — 150 mm. For the areas with one-family houses specific
volumetric heat supply is in the range 300-500 MW-h/m’® at specific heat loading
0,5 —2,0 (MWh)/m and average diameter of pipes 25 — 65 mm.

As shown in figure 5.4, in Tallinn, the specific volume heat supply of the
district heating networks are low and is in the range 14-63 MW-h/m’ and for the
local networks are in the range 150-202 MW-h/m’. As shown in figure 5.2, in
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small Estonian towns, the specific volume heat supply of the district heating
networks are in the higher range 59-233 MW-h/m’, but lower than in optimized
networks. Over-dimensioning of pipes and poor insulation increase network heat
losses.

The results of calculations showed that in Tallinn and also in the local district
heating networks the pipe diameters are over-dimensioned. The reason of the over-
dimensioning is that the networks were designed taking into account the growth
potential of the consumers in the future. Actually the heat consumption has
decreased. The number of industrial customers has decreased; consumers started to
save energy and some consumers are disconnected from the district heating
network and use local heating.

The distribution parameter expresses the potential of the network to have a
certain relative distribution loss. The overall heat transfer coefficient is a constant
of proportionality, which expresses the heat loss reduction ability of the insulation.
In Tallinn, the distribution parameters of the district heating networks are in the
range 0,136 — 0,176 (m>K)/W. In the small local district heating networks the
distribution parameters are in the range 0,057 — 0,086 (m*-K)/W.

In table 5.3 generalizations on major characteristic parameters for the Estonian
district heating systems is brought and shown on how many their efficiency can
increase after optimization and full reconstruction. The relevant data for typical
Swedish district heating networks are provided in table 5.2.

101



45

@ Preinsulated pipes
4 @ O Pélva network .
A Virusoo network

X Vorukivi network

3,5 < Kuressaare network [
X Orissaare network
3 + Tiiri Terme network L
A Tiiri Vabriku network
~ X * @ Ordinary Swedish networks
2,5 L) O One-family houses networks in Sweden .
+

2 A@
X2

0,5 L S

Owerall heat transfer coefficient K, W/(mzK)

0 \

0 0,05 0,1 0,15 0,2 0,25 0,3
Average diameter of distribution pipes d,, m

Figure 5.1 Total overall heat transfer coefficient for different district heating systems in
small Estonian towns depending on the average diameter of pipes (1998-2002 years)

600

H Polva network

A Voru Vorusoo network
500 (@) X Voru Vorukivi network
<O Kuressaare network

X Orissaare network

+ Tiiri Terme network
400 A Tiiri Vabriku network —

g @ Ordinary Swedish networks
= O One-family houses in Sweden
§ 300 S
=)
S X

200 %

100 - + + e A. o> A AAA A

x X W
0 T T T T T T
0 1 2 3 4 5 6 7
Q/L, (MWh)/m

Figure 5.2 The specific volume heat supply for different parts of district heating systems in
small Estonian towns depending on the specific heat supply (1998-2002 years)

102



Tabel 5.1 The major characteristic parameters for the small Estonian district heating networks (average)

Heats supply | Heats supply | Heat losses
Network Qny d, | AL, | Vi, | ledr, O/L, o, OufL, K, Qap »
m [ m¥m [ mm | 10°°Ch | MWh)/m | MWh/m’ | MWhym | W/(m*K) | (m’K)/W
Polva 0,245 | 0,159 | 0,999 | 0,041 425 2,80 69 0,69 1,72 0,142
Vorusoo (Voru) 0,213 | 0,155 | 0,973 | 0,043 4,63 3,97 92 0,85 1,89 0,113
Vorukivi (Voru) 0,156 | 0,102 | 0,639 | 0,015 4,42 2,91 192 0,45 1,61 0,097
Kuressaare 0,243 | 0,149 | 0,939 | 0,038 4,66 2,99 78 0,73 1,67 0,146
Terme (Tiiri) 0,400 | 0,114 | 0,713 | 0,022 5,13 2,34 106 0,94 2,56 0,156
Vabriku (Tiiri) 0,192 | 0,135 | 0,850 | 0,030 4,1 2,97 98 0,57 1,66 0,117
Orissaare 0,130 | 0,153 | 0,959 | 0,037 3,49 2,23 60 0,29 0,87 0,150
Tabel 5.2 The major characteristic parameters for the ordinary Swedish district heating networks [3]
Network Inr d,, A/L, V/L, [©-dr, O/L, o, Ou/L, K,,
m m’m | m’m | 10°°Ch [ MWhym | MWh)/m® | MWh)m | W/(m*K)
ordinary networks [ 0,07- 0,140- | 0,880- [ 0,031- 5,6 5-6 162-170 0,35-0,43 0,9-1,1
0,085 0,150 0,942 0,035
one-family
houses networks 0,15~ | 0,025- | 0,158- [ 0,001- | 4,8-5,5 0,5-2,0 302-510 0,105-0,3 2,5-4,0
0,21 0,065 0,408 0,007
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Table 5.3 The major characteristic parameters for the Estonian district heating networks
before and after prospective optimization

DH network Degree-hours,| gy L, d,, AL, | VL, | QL, QV, | QL | K, Qaps
10°°Ch m m m/m [ m’m |MWh/m| MWh/m® | MWh/m| W/m’K) | (m’K)yw
|a). Supplyed heat 5000 MWh/year
Haiba
old network 5,0 0,26 597 10,1491 094 | 0,02 4,5 217 1,2 2,5 0,10
new optimized network| 5,0 0,05 405 10,065 0,41 0,01 6,7 684 0,2 1,3 0,04
Imavere
old network 33 0,24 [ 1905 |0,116] 0,73 0,03 | 1,71 69 0,4 1,7 0,14
new optimized network| 5,1 0,13 1599 ]0,055| 0,35 0,01 1,99 336 0,2 1,4 0,09
Ardu
old network 2,0 0,11 982 0,133 0,84 | 0,03 3,5 134 0,4 2,3 0,05
new optimized network| 4,0 0,05 1212 0,080 0,50 0,01 4.6 526 0,2 1,2 0,04
|b). Supplyed heat 5000-10000 MWh/year
Riipina
old network 3,1 0,20 | 1732 [0,165| 1,04 | 0,04 3,1 72 0,6 2,0 0,10
new optimized network| 5,1 0,08 1374 10,083] 0,52 0,01 3,6 317 0,3 1,1 0,07
Koeru
old network 4,0 0,15 | 2390 [0,113] 0,71 0,02 4,1 201 0,6 22 0,07
new optimized network 4,0 0,08 [ 2630 ]0,098] 0,61 0,02 3.4 218 0,3 1,1 0,07
Sindi
old network 2,4 0,12 | 2139 |0,128] 0,81 0,03 4,5 157 0,5 2,8 0,04
new optimized network| 3,9 0,05 1889 |0,085| 0,53 0,01 53 464 0,2 1,3 0,04
¢). Supplyed heat 10000-50000 MWh/year
Viimsi
old network 4,5 0,22 | 3921 [0,124 0,78 | 0,03 2,7 97 0,6 1,6 0,13
new optimized network| 45 0,11 3921 [0,099| 0,62 0,02 2,4 142 0,3 0,9 0,12
Haabneeme
old network 5,0 0,21 | 4800 [0,158 0,99 | 0,05 3,6 77 0,8 1,5 0,14
new optimized network| 5,0 0,10 | 4800 |0,124] 0,78 | 0,03 3,1 113 0,3 0,8 0,12
|4). Supplyed heat 50000-100000 MWh/vear.
Keila
old network 4,6 0,17 [ 11916 ]0,137|] 0,86 [ 0,03 5,0 149 0,8 2,2 0,08
new optimized network| 4.6 0,05 | 11916 [ 0,070 0,44 0,01 4.4 507 0,2 1,1 0,05
Voru
old network 4,7 0,20 | 20083 [ 0,166 1,04 | 0,05 3,8 76 0,7 1,5 0,13
new optimized network 4,7 0,09 [ 20083 ]0,123] 0,78 [ 0,03 3.4 109 0,3 0,9 0,11
Kivioli
old network 4,9 0,26 | 11004 [0,179] 1,12 | 0,07 5,1 75 1,3 2.4 0,11
new optimized network| 49 0,08 | 11004 [ 0,085 0,54 0,01 43 321 0,3 1,3 0,06
f). Supplyed heat over 100000 MWh/year
Tallinn, Kesklinna SVR
old network 4,9 0,18 | 84366 [0,206] 1,29 | 0,12 5.4 45 1,0 1,5 0,12
new optimized network| 5,0 0,06 | 82902 [0,104| 0,65 0,03 4.8 156 0,3 0,9 0,07
Tallinn, Lasnamiie SVR
old network 5,1 0,21 |146002]0,335| 2,11 0,38 5,6 15 1,2 1,1 0,19
new optimized network| 5,1 0,08 |13879410,204 1,28 | 0,07 5,0 77 0.4 0,6 0,13
Tallinn, Mustamée SVR
old network 4,8 0,16 |143299(0,202f 1,27 | 0,11 6,0 54 1,0 1,6 0,10
new optimized network| 48 0,05 |144036(0,109| 0,69 0,03 53 159 0,3 0,9 0,06
Narva
old network 4,9 0,18 | 68569 0,249 1,56 | 0,15 8,4 58 1,5 2,0 0,09
new optimized network| 49 0,07 | 68569 |0,198| 1,24 0,06 7,4 121 0,5 0,7 0,08
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Figure 5.3 Total overall heat transfer coefficient for old and new optimized Estonian
district heating systems, depending on the average diameter of the pipes (1998-2009 years)
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5.2 Conclusions of the chapter

Main characteristic parameters of the Estonian district heating networks are
estimated for the first time according to presented methodology and compared one
to another and with the typical modern networks.

The relative heat losses in the typical Estonian small towns old networks are
about 15 — 25%. Extremely high relative heat losses for example are in the Tiiri
towns Terme network, there are about 30 — 40%, due to low heat demand density
and high heat transfer coefficient of pipes. In the Tallinn networks relative heat
losses are lower than in the small towns networks due to higher concentration of
the district heating demand, and are 16 — 23%. In Swedish typical networks relative
heat losses are 7 — 9%, and there are have the similar heat demand concentration
than in Tallinn: 5 — 6 MWh/m, but much better heat insulation of pipes: overall
heat transfer coefficient is 0,9 — 1,1 W/(mZK), more than two times less than in
Tallinn networks.

Efficiency of heat insulation for typical Estonian networks, which is estimated
by the overall heat transfer coefficient, is 2-3 times less than same value for the
ordinary Swedish networks. For example in the Voru network, overall heat transfer
coefficient during last years was in the range of 1,6 — 1,9 W/(m’K), and this value
is 1,6 — 1,9 times higher than in Swedish networks. In Orissares totally renovated
network, overall heat transfer coefficient is about 0,9 — 1,0 W/(mzK), and it is in
the same range that in modern networks.

As investigations shows, heat transfer coefficient for pipes in old underground
concrete ducts may significantly increase rainy season up-to 2 — 3 times compares
with dray season.

Variation of the heat transfer coefficients values are depended on the climate
condition differences. Old pipelines, which are located in the underground concrete
ducts, are very sensitive to the rainfall. Moisture from rain and melted snow, which
infiltrated to the duct, significantly increases heat transfer coefficient (figure 5.5).
Also in figure 5.6 is presented heat transfer coefficient for totally renovated
Orissaare network, and we can see that moisture from rain and melted snow did not
increase so much heat transfer coefficient of pipes.

Total overall heat transfer coefficients before and after prospective optimization
for Estonian district heating networks are presented on the figure 5.3.

The network pipelines are over-dimensioned. The pumping energy consumption
for the over—dimensioned pipes can be less than for the optimal designed pipelines
due to smaller hydraulic resistance, but heat losses are much bigger compare with
optimal designed and well insulated pipelines.

On the figure 5.7 the pipes optimal diameter depending to the heat load is
presented. Next figures 5.8 and 5.9 presents real and optimized values of water
velocity and friction loss depending to pipe diameter. The example is given for
typical Estonian old district heating network witch situated in Voru town.
Calculations results for water velocity and friction losses are presented for the full
heat load if outdoor temperature is —22°C and also for summer load. Received
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results are practically useable in DH pipelines design and in renovation of old
district heating networks.
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Voru network D=1(Q)
water temperature regime 110/70°C and 95/65°C
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Figure 5.7 Optimal diameter depending to heat load D = f(Q) in Véru town DH
network

The water velocities and friction losses in pipes of Estonian old district heating
networks as rule are much lower than optimum values (~0,6—1,2 m/s and ~100-70
Pa/m for 50-250 mm pipes) (figures 5.8 and 5.9).

This situation exists because old networks where designed for much bigger load
and take into account growing potential.

As figure 5.9 shows, the real friction losses in pipes are mainly less than
optimal values and in some old pipes mainly with small diameters (about 50 mm)
are higher. The friction loss optimal value is not constant for all diameters, as rule
of thumb say. For the smaller diameters friction losses optimal values are higher
than for bigger diameters. The optimal friction losses decreases slowly with
diameter growing, for example from 150 Pa/m (DN 25) to 75 Pa/m (DN200), and
water temperature regime is 110/70°C. The optimal value of friction losses for the
lower temperature difference — temperature regime 95/65°C, will be little beat
higher.

After optimal selection of network pipes diameters, according to consumers real
heat demand and total renovation of pipes (replacing by the preinsulated pipes),
relative heat losses drastically decreases.

Relative heat losses, for example in Tallinn city networks Mustamie-Oismie
and Kesklinn region decrease from 16-18% to 6—7%, in Lasnamée region — from
20-22% to 8%, in Voru town network — from 20% to 9%, in Keila town network —
from 18—-19% to 5%, in Kividli town network from 26% to 8%, and in Viimsi and
Haabnmeeme settlements networks decrease from 21-22% to 10-11%.
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Voru network W=f(D)
water temperature regime 110/70°C and 95/65°C
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Figure 5.8 Water velocity depending to pipe diameter W = f(D_) in Véru town DH
network
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Figure 5.9 Friction losses in Voru town DH network depending to pipe diameter
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Especially big decreasing of heat losses can be in those networks where old 4
pipes system will be replaced by the new optimized 2 pipes system. For example
Haiba settlement network heat losses decreases from 26% to 5%.

As we can see, heat losses decreasing potential is very big. After optimization
and total renovation of old networks, heat losses can decrease up to 2—4 times and
especially big decreasing, up to 5—6 times, will be observe after old 4 pipes system
replacement by the 2 pipes optimized and well insulated system.

Recently, considerable tendency of the overall heat transfer coefficient
reduction in the district heating networks in Tallinn and Narva was observed. This
reduction is caused by replacement of district heating network old sections with
new pre-insulated pipes. Several “wet” sections of the network can significantly
increase the value of the heat transfer coefficient. Replacement of these sections
will significantly decrease the overall heat transfer coefficient. As a result of
reconstruction the overall heat transfer coefficient considerably decreases also
reliability of a district heating system work considerably increases. Detailed
research of damages statistics and its changes is resulted in the following chapter.

Further figures (figures 5.10 and 5.11) showing the reduction tendency of the
overall heat transfer coefficient in district heating networks of Tallinn and Narva
cities.
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Figure 5.10 The overall heat transfer coefficient reduction tendency in Tallinn DH
networks (2002-2007 years)
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Figure 5.11 The overall heat transfer coefficient reduction tendency in Narva DH network
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6 STATISTICS OF DH NETWORKS DAMAGES AND
INDICATIVE PARAMETERS FOR AN ESTIMATION OF
THE NETWORKS GENERAL CONDITION

The purpose of the given research was to define on the basis of operational data the
valid condition of typical old networks in Estonia and the reasons of damages
occurrence. Networks of Tallinn city have been investigated.

6.1 The description of the considered district heating systems

The AS Tallinna Kiite enterprise makes operation of a bigger part of district
heating networks and boiler-houses of Tallinn.
District heating systems of Tallinn consist of five districts of the central heat
supply:
e Kesklinna district (all length ~92 km, length on balance of AS Tallinna
Kiite ~76 km),

o Lidne district (all length ~162 km, length on balance of AS Tallinna
Kiite ~141 km),

e Lidne district local networks (all length ~12 km, length on balance of
AS Tallinna Kiite ~11 km),

e Lasnamée district (all length ~114 km, length on balance of AS Tallinna
Kiite ~106 km),

e Maardu district (all length ~25 km, length on balance of AS Tallinna
Kiite ~14 km).

District heating systems of areas Kesklinna and Lasnamide are connected
through pump station Laagna. The total length of heating networks makes 407 km
from which on balance of AS Tallinna Kiite there are 348 km or 85,7 %.

The following CHP station and boiler-houses supply heat to the Kesklinn and
Lasnamde areas:

1). CHP Iru working on natural gas: electric capacity makes 190 MW, total
thermal capacity — 748 MW, in a CHP mode — 398 MW, produced heat in 2008
was 1048 GWh and electricity — 414 GWh.

2). Boiler-house Ulemiste working on natural gas: is the most part of time in a
reserve, thermal capacity makes 180 MW, produced heat in 2008 was 12 GWh.

3). Since 2009 the CHP Vio start to operate. It working on woodchips and peat:
thermal capacity makes ~65 MW, electric — ~25 MW, planned annual heat
production will make ~450 GWh.

Two boiler-houses supply heat in the area Liéne:

1). Boiler-house Mustamée: thermal capacity makes 390 MW, annual heat
production in 2008 was 401 GWh.
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2). Boiler-house Kadaka: thermal capacity makes 290 MW annual heat
production in 2008 was 353 GWh.

Except for these big areas of the central heat supply, exist still a number of local
areas of the central heat supply and small boiler-houses.

District heating systems of Tallinn are constructed basically in 1960...1980
years and their average age makes more than 20 years. In following figure 6.1 the
basic scheme of a heat supply of Tallinn is given.

Mustamie Kadaka
boiler-house boiler- Olemiste Iru CHP
390 MW house
290 MW boiler-house 748 MW (190 MW)

232 MW

L (in reserv)

1 1 @ Laagna
pump
station

: !

Mustamae Kesklinna 200Mw | Lasnamae Maardu
network network network netr’ork
325 MW 180 MW €  Eosuw ‘

‘ Viio CHP
65 MW

Figure 6.1 The basic scheme of a heat supply in Tallinn and Maardu
6.2 The analysis of a district heating systems condition

6.2.1 Lasnamae district heating area

The present condition
In Lasnamée area construction of district heating systems has begun in 1970.
Middle age of networks makes 22 years for today.

In Lasnamae area the length of a network makes ~106 km that makes ~26%
from the total length of the Tallinn DH networks. The volume of main pipes
DN1200 in Lasnamie network is equalled ~49000 m’, that makes ~59 % from
volume of all networks of Tallinn. Heating systems of Lasnamée area with their
today's loading are most over dimensioned networks in city.

As a lining of a network in Lasnamée area are subdivided as follows: the length
of underground networks placed in the concrete channel makes ~56,5 km (~53%),
length of networks lining on cellars - ~30,0 km (28%), the length of underground
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networks made from the preinsulated pipes makes ~16,9 km (~16%), an air lining -
~2,8 km (2%).

Very old underground networks with bitumenperlit thermal insulation basically
are liquidated, there were only ~390 m.

The length of main pipelines DN1000-1200 makes ~19 km, the length of pipes
DN400-800 makes ~4,4 km. The share of the main networks is enough big and
makes ~22 % of total length. Thermal insulation is made of glass wool according
to old soviet building norms and it is the reason of big heat losses in a network.
Heat losses in Lasnamée network in 2008 have made 115 578 MWh, or 21% from
produced heat.

In Lasnamiée network there are 180 section latches and 476 latches on branches,
totally 656 latches. More than half from them it is old latches still soviet times in
quantity of 361 pieces (~55 %).

The quantity of thermal lengthening compensators makes 450 pieces from
which 322 pieces (~72 %) these are old axial compensators which resource by
today's time is already settled.

Investments

In figure 6.2 the length of the repaired sites of a network on years is resulted. In
Lasnamie network growth of the repaired sites quantity is observed since 1998.
Basically investments are directed on increase in reliability of a network.

For last 10 years replacement of ~4 kilometres of networks is made that makes
~3,5% from all length of Lasnamée district heating network.

The district heating system of Lasnamde area is newest from the Tallinn
networks, but by the today's moment has already reached such age that significant
growth of malfunctions is observed.

The criterion of a network repair basically is not age, and first of all is valid
reliability of a network a basis for which estimation are the damages quantity and
data received at routine inspection.

In the nearest five years the most part of investments will be made with
replacement of thermal lengthening compensators and locking armature by the
main networks DN1200. The above-stated measures substantially will help to
increase reliability of main pipelines on which is supplied with heat of 2/3 Tallinn
consumers, outflow of water and faults in a heat supply will decrease. However
these measures will not considerably reduce heat losses and will not reduce
increase of networks age.

In the future it will be necessary to invest more in drainage systems, channels,
in moving and dead supports, compensators of thermal lengthening. Badly working
compensators of thermal lengthening and moving supports can cause too big forces
in metal structure.

As a priority at planning repair of networks was reliability of a heat supply, till
today's time it was not given attention to replacement and improvement of pipes
thermal insulation.
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Heat losses through old thermal insulation of pipes are very big. In table 6.2
comparison of heat transfer coefficients of old pipes and the new preinsulated pipes
of an underground lining is resulted.
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Figure 6.2 Length of the replaced pipelines on years in Lasnamde network

At the moment the length of constantly flooded networks makes 704 m and 517
m of networks are periodically flooded, and totally is flooded 1221 m.

The analysis of damages
On the basis of the valid data received for last 12 years the analysis of networks
damages statistics is made.

In figure 6.3 distribution of damages of Lasnamée district heating network on
middle age of a networks sites is resulted and it is visible that the most critical age
is 18-28 years or sites constructed in 1980-90 years. On sites of a network
constructed in 1980-85 years were 123 damages and on sites constructed in 1985-
90 years were 77 damages. It can be explained by bad quality of construction and
materials. During this period the networks were under construction with haste and
with insufficient supervision of construction.

In figure 6.4 the statistics of damages quantity on one kilometre of a network is
resulted.

Most of all damages have occurred during the 1999-2001 years: 0,34 of damage
on 1 km was in 1999 and these sites have been constructed during 1980-85 years.
After that period the quantity of damages has gone on recession. It speaks most
likely that that problems of pipelines constructed in 1980—90 have come to light.

In figure 6.5 the place of damages on networks elements is shown: armature,
compensators of thermal lengthening, a design, and pipes.

Most of all damages were on pipes. Damages of compensators and locking
armature were very little.
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Most of all damages on compensators were in 1999-2001 years. However the
part of old compensators installed during 197880 years still works: on two main
pipelines I and II with diameter DN1200 in Lasnamée network works 175 old axial
compensators.

Lifetime of axial compensators of thermal lengthening makes 30 years and has
already come to an end.

Danger of damages occurrence and water outflow sharply increases in the end
of service life of axial compensators.

In figure 6.6 characters of damages is resulted. In Lasnamie network a
significant part of damages is caused by external corrosion of pipes. Principal
cause of external corrosion is the bad waterproofing of underground channels and
chambers and the collapsed drainage. Also defects of pipes supports and
destruction of channels concrete are observed.

As during the basis of Lasnamée area in 1980-87 years and during last building
boom in 2000-08 years there was an active construction of buildings and
expansion of an infrastructure. As a result of use the heavy technical equipment
during construction there was a strong vibration and dynamic loading which has
destroyed a waterproofing on a part of old underground channels. It causes hit of
moisture in channels, thermal insulation is humidified and heat losses increase.

One reason of pipes external corrosion are idle drainages and because that there
is a constant or periodic flooding of channels by subsoil waters. As a result of it
thermal insulation is humidified, also heat losses grow.

The share of internal corrosion in comparison with external in Lasnamée
network was very insignificant as quality of water in network was good, the open
system of hot water supply did not exist. Rigidity of network water is given in table
6.1.

Other reasons of a network damages were defects of installation and factory
defects.

Hence it is possible to note that in Lasnamie area besides factors influencing
normal ageing of a network additional influence is rendered with external local
corrosion of pipes. External corrosion is caused basically by hit of moisture in
channels from for an idle drainage and the damaged waterproofing of channels.

Table 6.1 Rigidity of water in Lasnamde network
Year . .L~asnaméie water
rigidity, mg-ekv/I
2001 0,029
2002 0,025
2003 0,021
2004 0,018
2005 0,012
2006 0,013
2007 0,015
2008 0,018
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Figure 6.3 Distribution of damages in Lasnamde district heating network on middle age of
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Figure 6.4 Statistics of damages quantity on one kilometre in Lasnamde network
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Figure 6.5 The place of damages on elements in a Lasnamde network
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Figure 6.6 The character of damages in Lasnamde network

6.2.2 Liiine (Mustamie-Oismie) district heating area

The present condition

Connected among themselves district heating systems of Mustamée, Kadaka and
Karjamaa (not in operation now) boiler-houses concern to area Lddne (Mustamée-
Oismie). In the beginning it there were two separate networks which later after
growing were connected among themselves.

In area Lidne construction of district heating systems has begun with 1960.
Middle age of heating systems in this area makes 23 years.

The length of a Laéne area network is equalled ~141 km that makes ~35 %
from the total length of Tallinn district heating systems. As a lining type of a
network in Lédne area are subdivided as follows: the length of underground
networks placed in the concrete channel makes ~ 67,8 km (~48%), length of
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networks lining on cellars — ~29,5 km (21%) the length of underground networks
made from the preinsulated pipes makes ~34,5 km, (~24%), an air lining — ~9,1 km
(6%).

Diameters of the main pipelines is less than in area Lasnamie. The volume of
Ladne network makes (~16 682 m®) or ~20 % from total volume of all networks in
Tallinn. The length of the main pipelines with diameters DN400-900 makes ~27,8
km. Heat losses of a network in 2008 were 113643 MWh or 16 %.

In Lédne network there are 158 section latches and 651 latches on branches,
totally 809 latches and 138 pieces (~17 %) of them is old latches still soviet times,
also require replacement.

The quantity of thermal lengthening compensators makes 572 pieces from
which 464 pieces (~81 %) these are old axial compensators which resource by
today's time is already settled.

Feature of a heating system of area Laéne is that earlier in networks of boiler-
houses Mustamée and Kadaka there was an open system of hot water supply and
water added in a network had not time to clear sufficiently in water there was an
oxygen and rigidity (figures 6.8 and 6.9) that has led to intensive internal corrosion
of pipes.

Since 1966 in boiler-house Mustamie and later in boiler-houses Kadaka and
Karjamaa (not in operation now), experiences with samples of metal on speed of
corrosion were periodically done.

In figure 6.10 results of experiments on speed of internal corrosion are resulted,
mid-annual speeds of corrosion are specified.

Investments
In figure 6.7 the length of all repaired sites separately on years is shown. Since
1980 till today serial repair of Laéne district heating system was carried out.
Basically investments have been directed on increase in reliability and reduction
of quantity and duration of faults in a heat supply. It has been much invested in
locking armature. For last 10 years ~18 km of district heating pipelines have been
replaced that makes 11 % from all length of district heating systems of Laine area.
In the nearest five years the most part of investments it is planned in
replacement of old axial thermal lengthening compensators.
Also in a greater degree it will be necessary to invest in repair of drainage
system, a waterproofing and supports of the main pipelines.
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Figure 6.7 Length of the replaced pipelines on years in Lddne area network
The mark: In 2003 there was a connection of Pelguranna local boiler-houses networks

area to the central network.

2010 2015

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005

‘-O—KARJAMAA KM KAREDUS —#—MUST KM KAREDUS KADAKA KM KAREDUS ‘

Figure 6.8 Average indices of water rigidity [mg-ekv/l] in Mustamde, Kadaka and
Karjamaa networks

120



0.05

0.045

0.04

0.035

0.03

0.025

0.02

0.015

0.01

0.005

1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015

‘—O—MUST KM O2 sisaldus —#—KADAKA KM O2 sisaldus KARJAMAA KM 02 sisaldus ‘

Figure 6.9 The average contents of oxygen in water [mg/l] in Mustamde, Kadaka and
Karjamaa networks
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Figure 6.10 Depth of pipes internal corrosion [mm/year] in Mustamde, Kadaka and
Karjamaa networks
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At the moment the length of constantly flooded sites makes 2277 m and
periodically flooded sites — 2780 m that together makes 5057 m.
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Figure 6.11 Distribution of damages in Lddne district heating network on middle age of a
networks sites
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Figure 6.12 Statistics of damages quantity on one kilometre in Ldidne network
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Figure 6.13 The place of damages on elements of a Lédne network
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Figure 6.14 The character of damages in Lddne network

The analysis of damages

In figure 6.11 the statistics of a network damages distribution on middle age is
given. The most critical is the age of 25-40 years (are constructed in 1970-85).
Most of all damages were in networks constructed in 1980-85 years.

In figure 6.12 the statistics of damages falling on one kilometre of a network is
resulted. Most of all damages was in 1997-99 and after that there was a gradual
reduction in quantity of damages (by 2007 quantity of damages has decreased in 6
times in comparison with 1998).

In figure 6.13 the statistics of damages places on elements of a network is
resulted: armature, compensator, construction, and pipes. Most of all damages were
on pipes. During 1997-2003 years were many problems with armature and
compensators, after 2003 the quantity of damages to these eclements has
considerably decreased. The most part of armature is already replaced with today,
but old axial compensators of thermal lengthening demand replacement. The most
part of damages has fallen to 1997-99 years.

In figure 6.14 the reasons of damages are resulted. In Mustamie area (part of
Ladne area) the significant part of damages is caused by external corrosion of
pipes. One of the reasons causing external corrosion is the damaged drainage that
causes flooding of underground channels by subsoil waters. Thermal insulation of

123



pipes becomes wet and heat losses increase. In Lééne area the length of flooded
sites makes 5 km.

Quantity of damages caused by internal corrosion is also high. The reason of
this is earlier used system with open hot water supply. The nearest years the share
of damages caused by internal corrosion will increase even more. From table 6.4
received according to experiments carried out since 1960 it is visible that in
Mustaméde networks thickness of metal eaten by internal corrosion makes ~5 mm
and it means that a resource of the oldest pipes will be fast completely is exhausted.

6.2.3. Kesklinna district heating area

The present condition

In Kesklinn area construction of a network has begun in 1959 year. In the
beginning the heat supply was carried out by Tallinna Soojuselektrijaam heat and
power station and then from boiler-house Ulemiste.

The district heating system of Kesklinn area is the oldest in from all heating
systems of Tallinn. Middle age of a network of Kesklinn area makes 25 years.

All length of a district heating network of Kesklinn area is equalled ~76 km that
makes ~19 % from total length of all district heating networks of Tallinn.

Through Kesklinn area it runs two main pipelines with diameters DN400-900:
Ulemiste and Gonsiori. The total volume of Kesklinn district heating system is
equalled ~10362 m’ that makes ~12 % from the total volume of all district heating
networks of Tallinn.

As a lining type networks are distributed as follows: in the underground channel
~ 43,7km (~57%), in houses cellars ~6,1 km, underground preinsulated pipes
~25,1 km, an air lining ~1,1 km (2%).

The length of the main pipelines with diameters DN400—900 makes ~13,8 km.
The share of the main pipelines from the total length of Kesklinn area networks
makes ~18,1%. Relative heat losses of Kesklinn network are within the limits of
15...18 % (in 2008 year were ~61 GWh, ~15%). In comparison with other areas
relative heat losses is less, the reason for this are the bigger loading of a network,
pipes are not oversized, enough big share of the preinsulated pipes.

In Kesklinna network there are 154 section latches and 1139 latches on
branches, totally 1293 latches and 441 pieces (~34 %) of them is old latches still
soviet times, also require replacement.

The quantity of thermal lengthening compensators makes 430 pieces from
which 364 (~85%) pieces (~81 %) these are old axial compensators which resource
by today's time is already settled.

Investments

In figure 6.15 lengths of the repaired sites on years are presented. Since the end of
1980 and till today stage-by-stage reconstruction of Kesklinn area networks was
carried out.
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Basically investments have been directed on increase in reliability and reduction
of quantity and duration of faults in a heat supply. It has been much invested in
section latches armature. For last 10 years ~15,7 km of district heating pipelines
have been replaced that makes ~17 %.

In the nearest five years the most part of investments it is planned in
replacement of old axial thermal lengthening compensators. Also it is necessary to
pay the big attention to replacement of pipes which age already has stepped for 50
years. In the central part of cities network often lining in places with the limited
access and emergency repair can be very complicated.

As a priority at planning repair of networks was reliability of a heat supply till
today's time it was not given attention to replacement and improvement of thermal
insulation of pipes. Heat losses through old thermal insulation of pipes are very
big. In Kesklinn area there are many old pipelines isolated by asbestos. It is
necessary to replace asbestoses insulation first of all at pipelines running in
buildings cellars.
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Figure 6.15 Length of the replaced pipelines on years in Kesklinn area network
At the moment the length of constantly flooded networks makes 1043 m and
1540 m of networks are periodically flooded, and totally is flooded 2583 m.
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Figure 6.16 Average indices of water rigidity [mg-ekv/l] in Kesklinn network
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Figure 6.18 Depth of pipes internal corrosion [mm/year] in Tallinn and Ulemiste networks
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Figure 6.19 Distribution of damages in Lddne district heating network on middle age of a
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Figure 6.20 Statistics of damages quantity on one kilometre in Kesklinn network
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Figure 6.21 The place of damages on elements of a Kesklinn network
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Figure 6.22 The character of damages in Kesklinn network

The analysis of damages

In figure 6.19 lengths of the repaired sites in Kesklinn network on years are
presented. The most critical age is 25—50 years (are constructed in 1960—85). Most
of all damages (89) were in pipelines constructed in 1970-75 years.

In figure 6.20 the statistics of damages falling on one kilometre of a network is
resulted. Most of all damages was in 1997-99 and after that there was a strong
reduction in quantity of damages (since 2002 quantity of damages has decreased
more than 4 times).

In figure 6.21 the statistics of damages places on elements of a network is
resulted: armature, compensators, construction, and pipes. Most of all damages
were on pipes and then on armature and on compensators. Damages of armature
and compensators basically are liquidated during 1997-2002 years. However the
most part of compensators and locking armature still old and also require
replacement.

In figure 6.22 the reasons of damages are resulted. In Kesklinn area the
significant part of damages is caused by external corrosion of pipes. One of the
reasons causing external corrosion is the damaged drainage that causes flooding of
underground channels by subsoil waters. Thermal insulation of pipes becomes wet
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and heat losses increase. In Kesklinn area the length of flooded sites makes more
than 1,5 km. Networks of area Kesklinn are much more close to a sea level in
comparison with networks of other areas and subsoil waters can easily get in the
channel. Old networks of an underground channel lining will expediently replace
with completely tight preinsulated pipes.

The second principal cause of damages is internal corrosion. In 2004 many
pipes damaged by internal corrosion were revealed. Damages of pipes caused by
internal corrosion can come to light at any moment. At the same time in these
networks was not big problems with quality of water preparation and theoretically
big problems with internal corrosion should not be (figures 6.16 and 6.17 and table
6.3).

Except for this damages caused by defects of installation, defects of
construction, factory defects, improper maintenance and other reasons have been
registered.

6.3 Conclusions of the chapter

Further the basic supervision and conclusions according to damages of district
heating systems in Tallinn are given:

1). From the analysis of damages statistics of the Tallinn district heating
networks it is visible that in the most critical condition there are networks in the
age of 20-25 years (are constructed in 1980-90 years). It speaks about poor quality
of materials and constructions characteristic to this time.

Efficiency of thermal insulation of old networks leaves much to be desired. In
table 6.2 normative heat transfer coefficients on one meter of a pipe for old and
new pipelines are resulted. Apparently from table 6.2, even in an ideal case,
efficiency of old thermal insulation considerably below what at the standard
preinsulated pipes.

The basic quantity of damages happens with pipes, the locking armature,
compensators and construction mistakes follows.

The oldest compensators of thermal lengthening work since 1959 year. The
resource of axial compensators makes no more than 30 years and for today is
already exhausted, the probability of failures sharply increases. For today 84 % of
all compensators is a subject to replacement. As the part of old locking armature is
a subject to replacement: in Lasnaméde area — 82%, in Kesklinn area — 39%, in
Liéne area — 24%. Service life of armature has passed over 25 years.

2). The most part of pipes damages is caused by external corrosion. In Kesklinn
and Lidne (Mustamde area) networks often there are damages also caused by
internal corrosion. Internal corrosion is the most serious problem in Lédne network
where the open system of hot water supply earlier was used.

In figure 6.23 dynamics of pipes internal corrosion since 1960 is resulted Total
corrosion depth from the moment of networks construction makes in Mustaméie
(Laane area) network — 5,42 mm, in Kadaka network (La&ne area) — 2,17 mm, in
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Karjama network (L&ddne area) — 1,46 mm, in Tallinn network (Kesklinn area) —
1,42 mm, in Ulemiste network (Kesklinn area) - 1,03 mm.

Quality of network and additional water in current of last 10 years is maintained
at a good level. Since 2003 quality of network water watch according to the quality
standard ISO 9001.

Defects of installation, mistake of designing and defects of elements produced
at a factory cause damages to much smaller degree.

The reasons of occurrence of external corrosion are a subject to the further
detailed studying. External corrosion can be caused both flooding of channels and
electric vortical currents near to a cable.

For today it is precisely known that on a regular basis and periodically 8 km of
underground networks in a channel lining are exposed to flooding.

Last years the quantity of damages in comparison with the end 1990-s years has
considerably decreased, especially in Mustamée (L44ne) and Kesklinn networks.

Hence it is possible to draw a conclusion that reliability in general has
improved. One important reason of damages reduction is that in last years network
have essentially reduced pressure. The network works on a stable temperature
mode, reliability of heat sources is essentially improved, the quantity of the
equipment emergency stops has decreased that is forces arising in networks pipes
owing to sharp fluctuations of the heat-carrier temperature have decreased.

Not looking that recently the quantity of a network damages has considerably
decreased for that middle age of a network remains high enough and process of
ageing proceeds. Such tendency of damages reduction to long-term prospect can
change and during the certain moment the quantity of damages can increase in
steps:

a). From the analysis of damages statistics it is not visible that middle age of
pipelines can be unique criterion at an estimation of a network reliability, however
it is an essential parameter specifying that the resource of the pipeline and its
elements comes to an end and it is possible to wait for growth of damages quantity.

b). Owing to the big age, the resource will be exhausted first of all at pipelines
and their elements of smaller diameters due to smaller thickness of a wall. At
pipelines of bigger diameter the resource under the same conditions of operation
will be longer due to bigger wall thickness.

c). At increase in age of a network the probability of defects occurrence
increases first of all in the weakest parts: sites working in adverse weather
conditions (soil and rainwaters get in channels), compensators of thermal
lengthening, armature.

d). For reduction of damages occurrence probability connected with the
networks age, the volume of the repaired sites should be at least such that process
of ageing was slowed down also middle age stabilized on the certain mark. For last
10 years rate of old pipelines replacement averaged 3.8 kilometres a year. For
maintenance of a networks middle age at least at a former level, rate of old
pipelines replacement should will increase at least in 3 times.
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3). Places with the biggest quantity of damages are noted on a networks map by
red colour and from there it is visible that there are certain problem areas with the
increased concentration of damages.

4). For an estimation of networks reliability it is possible to consider as the
basic indicator quantity of damages falling on 1 kilometre of a network.

Now full replacement of the pipelines damaged by corrosion carried out only on
the preinsulated pipes. In Lasnamée area the biggest quantity of damages falling on
one kilometre of a network reached 0,34 and by 2008 has decreased up to 0,13. In
Laéne (Mustamée) area the biggest quantity of damages falling on one kilometre of
a network reached 0,83 and by 2008 has decreased up to 0,24. In Kesklinn area the
biggest quantity of damages falling on one kilometre of a network reached 0,96 and
by 2008 has decreased up to 0,27. The biggest reduction in 72 % was in Kesklinn
network area. The general reduction of damages on all networks of Tallinn for the
period with 1999 for 2008 has made 68 %.

The second indicator can be a percentage part of the replaced sites of a network
in relation to all networks length (table 6.3).

Data on replacement of old pipelines in Tallinn networks are resulted in table
6.3. Lengths of the replaced sites are resulted on all diameters. The length of
district heating networks in Tallinn on years of construction is given on the figure
6.24.

Table 6.2 The normative heat transfer coefficients on one meter of a pipe for old and new
underground pipelines

Preinsulated pipes Old pipes in channel

DN Thicffn = K thilzZIieTs\s/ of
Drpipe/Diso insulation, W/(l’;lK) insulation, K, W/(mK)
mm mm

1000 | 1016/1200 LR-1 92 1,0 80/40 4,932
800 | 813/1000 WTS2P | 93,5 0,828 80/50 3,551
600 610/900 LR-2 145 0,464 80/50 3,063
500 508/800 LR-2 146 0,398 80/40 2,672
400 406,4/630 LR-2 111,8 0,407 80/40 2,237
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Table 6.3 Length of the pipes replaced sites in district heating networks of Tallinn.

Diameter of a pipe Léadne Kesklinn ‘ Lasnamée ‘ Totally
DN Length, m
32 292 39,5 49,0 302,6
40 1020 455,7 28 972,0
50 3942 1846,1 584 4669,1
65 5053 912,2 644,5 5583,6
80 6564 1967 616,8 7958,0
100 6822 1700,2 645,9 7994.4
125 4860 12992 662 5260,0
150 4804 2310,2 971,7 8455,4
200 3235 1736,7 415 5641,6
250 2346 11314 127,6 37524
300 2818 3304 137,7 6472,8
350 65 41,7 0 121,6
400 4240 2353,1 0 3507,1
500 1563 650 0 2637,5
600 2813 1265,2 0 5262,2
800 0 1237 0 15,0
900 0 236 0 220,0
1200 0 0 142,1 142,1
Totally, m 50 437 22 485 5024 77 946
The replaced sites totally — 77 946 m
Total length of pipelines, m 161 650 91983 140 420 394 053
Share of the replaced pipes, % 31,2 24.4 3,6 19,8
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Figure 6.23 Internal corrosion in Mustamde, Kadaka, Karjamaa, Tallinna and Ulemiste district heating networks in period 1961-2000 years, mm/year
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GENERAL CONCLUSIONS

The main characteristic parameters of the Estonian district heating networks
and their difference from the optimal values was estimated. More than twenty
Estonian district heating systems with small, average and big loading have been
considered and analysed. District heating systems with annual thermal loading
from less than 5000 MWh to over 100000 MWh have been considered.

The examples of new pipelines economic optimization have been presented in
the given work. The Estonian old non-optimized district heating networks have
been compared with new optimized networks. Old networks efficiency
increasing potential has been found. The developed methodology on
optimization of old district heating systems, in difference from optimization
models developed in Denmark, Sweden, Finland and other western countries,
allows to consider much more technical features peculiar to old Estonian
district heating systems, such as various types of a network pipes lining (a
underground network in the concrete channel, an air network), various heat
insulation materials (old glass wool, stone wool, asbestos), change in properties
of heat insulation materials during the time, various temperature modes of a
network, various hydraulic modes of a network, various types of pipes, thermal
expansion compensators, armature, changes in a pipes roughness.

The detailed estimation of efficiency of thermal insulation of several tens
Estonian networks has been carried out by means of the networks thermal
model developed in given work. The valid data on thermal insulation efficiency
of old networks have been obtained and the heat losses of old networks where
the actual data on heat losses are absent could be determined precisely enough
on the basis of the obtained data.

During the research it has been found, that the value of the heat conductivity
coefficient strongly depends on the season, to be more precise on the humidity.
During the rainy spring and autumn periods, in the winter and in the spring at
snow thawing the coefficient of heat conductivity of insulation strongly
increases due to humidity increase. The results of the investigations have
shown, that heat transfer coefficient of pipes in old underground concrete ducts
may significantly increase in rainy season up to 1,7 — 3 times in comparison
with dry season. The average increase in a heat transfer coefficient in old
networks amounts two times. Efficiency of heat insulation for typical Estonian
networks, which is estimated by the overall heat transfer coefficient, is 2 — 3
times less than the efficiency of the ordinary modern Nordic networks. For
example the overall heat transfer coefficient of the totally renovated network in
Orissare is about 0,9 — 1,0 W/(m’K), and it is in the same range that in modern
Nordic networks.

The analysis of hydraulic modes of networks with different capacities has been
performed in the given research. The hydraulic model has been made for each
considered network. For calculations real thermal loadings have been used.
Calculations have been carried out both for winter loading at temperature of
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external air —22°C degree, and for summer loading when there is only a loading
of hot water supply. As a result of hydraulic calculations the real velocities of
the heat-carrier and specific hydraulic resistance for all sections of a network
have been obtained. On the valid thermal loadings of sections, optimum
internal diameters of pipes have been found. The results of calculations have
shown that the diameters of pipes in Tallinn and also in the Estonian local
district heating networks are over-dimensioned.

Pumping costs in old networks with over-dimensioned pipes are much lower
than in new optimized networks. At the same time heat losses in old networks
with over-dimensioned and badly insulated pipes are times higher. The
reduction in heat losses leads to the great decreasing of total DH distribution
cost. Despite of smaller cost of the heat-carrier pumping, the total cost of heat
distribution in old networks is higher, than in new networks, due to over-
dimensioned diameters and considerably poor thermal insulation.

At reconstruction of separate sections of old district heating systems it is
necessary to choose pipes with optimum internal diameter taking into account
the actual flow of the heat-carrier. Of course, the hydraulic mode of the old
network should be considered, namely is it enough pressure head for required
flow rate of the heat-carrier with reduced diameter of pipe and if it is not it is
reasonable to install additional pump station.

On the basis of the data received during optimization, the equations and tables
for determination of optimum diameter, specific pressure drop and velocity of
the heat-carrier have been obtained for different temperature modes of a
network.

The results of analysis have shown that heat losses decreasing potential is very
big. After optimization and total renovation of old networks, heat losses could
decrease up to 2—4 times and especially big decreasing, up to 5—6 times, could
be observed after old 4 pipes system replacement by the 2 pipes optimized and
well insulated system. After selection of optimal diameters of network pipes,
according to consumers real heat demand and total renovation of pipes
(replacing by the preinsulated pipes), relative heat losses drastically decreases.
Relative heat losses, for example in Tallinn city networks Mustamie-Oismie
and Kesklinn region decreases from 16—18% to 6%, in Lasnamée region — from
20-22% to 8%, in Narva network — from 18% to 7-8%, in Voru town network
— from 20% to 9%, in Keila town network — from 18-19% to 5%, in Kividli
town network — from 26% to 8%, and in Viimsi and Haabneeme settlements
networks decrease from 21-22% to 5-6% in that case if expansion will
proceed, or 10-11% if expansion will not occur and only existing networks will
be optimized. Especially big decreasing of heat losses can be in those networks
where old 4 pipes system will be replaced by the new optimized 2 pipes
system. For example in Haiba settlement network heat losses decreases from
26% to 5%.

Recent years a tendency of the overall heat transfer coefficient reduction in the
district heating networks of Tallinn and Narva was observed. This reduction is
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12.

13.

14.

15.

caused by replacement of old sections of district heating networks with new
pre-insulated pipes. Several “wet” sections of the network can significantly
increase the value of the heat transfer coefficient. Replacement of these
sections could significantly decrease the overall heat transfer coefficient. Also
the reliability of heating system increases considerably.

On the basis of the networks damages analysis results obtained on an example
of Tallinn DH networks, several parameters for the estimation of a networks
technical condition have been suggested. The basic parameters are the quantity
of damages per 1 kilometre of the network and the relation of the replaced
sections of the network to the total length. At present time the full replacement
of the pipelines damaged by corrosion is carried out only on the preinsulated
pipes. In Lasnamie area the biggest quantity of damages per 1 kilometre of the
network reached 0,34 and by 2008 year has decreased up to 0,13. In Liine
(Mustamée) area the biggest quantity of damages per 1 kilometre of the
network reached 0,83 and by 2008 year has decreased up to 0,24. In Kesklinn
area the biggest quantity of damages per 1 kilometre of the network reached
0,96 and by 2008 year has decreased up to 0,27. The biggest reduction in 72 %
was in Kesklinn network area. The general reduction of damages on all
networks of Tallinn for the period with years 1999 for 2008 has made 68 %.

In spite of the considerable decrease of the quantity of a network damages the
middle service time of the network remains high enough and process of ageing
continues. The tendency of damages reduction to long-term prospect could
change due to ageing of the network and as a result rapid increase of damages
occurrence.

From the analysis of damages statistics it is not visible that middle age of
pipelines can be unique criterion at an estimation of a network reliability,
however it is an essential parameter specifying that the lifetime of the pipeline
and its elements is close to the end and it is possible to wait for growth of
damages quantity.

In order to reduce the probability of the damages occurrence due to ageing the
share of the replaced sections should be at least such high, that allows the
middle age of the whole network to remain at the same level. For example in
Tallinn DH networks in recent 10 years the average rate of the pipelines
replacement amounted 3,8 kilometres a year and in order to maintain the
middle age of the network at the present level this rate should be increased at
least in 3 times.

The received results allow to make proved and economically effective plans of
district heating networks reconstruction, to increase the reliability and
efficiency of the networks and to decrease the costs of heat distribution.
Preservation of district heating systems in working order and their renovation
are the basic preconditions for combined heat and power generation, and
reduction of fuel consumption and environment pollution.

137



REFERENCES

10.

11.

12.

13.

14.

15.

16.

The long-term state program on development of a fuel and power facilities till
2015. Riigi Teataja, RT I, 23.12.2004, 88, 601 (in Estonian).

Nikkinen, R., Comparison of systems of the centralized heat supply of Russia
and Finland. Teploenergetika, 4/1999 (in Russian).

Fredriksen, S., Werner, S., District heating. The theory, the equipment and
functioning. Lund 1993 (in Swedish).

Behm, B., Danish District Heating Systems. A Technical and Economic
Analysis. Laboratory of Heating and Air Conditioning, Technical University of
Denmark. Copenhagen 1988.

Frederiksen, S., A Thermodynamic Analysis of District Heating. Department
of Heat and Power Engineering, Lund Institute of Technology. Lund 1982.
Koskelainen, L., A Model for Optimal Design of District Heating Networks.
Lappeenranta University of Technology. Lappeenranta 1978.

Aamot, H., Phetteplace, G., Long distance heat transmission with steam and
hot water. In Proceedings of the 1st International Total Energy Congress, 4-8
October, 1976, Copenhagen, p.517—549.

Szepe, S., Calm, J., Thermal fluid selection for long-distance heat transmission.
In Proceedings of the 14th Intersociety Energy Conversion Engineering
Conference, 5-10 August, 1979, Boston, Massachusetts, p.1985-1990.

Stoner, M., Modeling the steady state pressure-flow response of steam and
water systems. In Proceedings of the Annual Conference of the International
District Heating Association, 1974, p.53—69.

Zinger, N.M., Andrejeva, E.M., Fedorov, E.M., Oshchepkova, T.B., Hydraulic
design of a branched heating network, employing an electronic digital
computer. Teploenergetika, 23 (11): 2024, 1976.

Morofsky, E.L., Verma, V., DESA analytical manual. Publics Works Canada,
Guidelines Series No.29, 1979.

McDonald, C.L., Bloomster, C.H., The geocity model: Description and
application. Battelle Pacific Northwest Laboratories, BNWL-SA-6343, 1977.
Bohm, B., On the optimal temperature level in new district heating networks.
Fernwarme International, 15 (5): 301-306, 1986.

Koskelainen, L., Optimal dimensioning of district heating networks.
Fernwarme International, 9 (2): 8490, 1980.

Munser, H., Fernwidrmeeversorgung. Liepzig: VEB Deutscher fiir
Grundstoffindustrie. 1980.

Phetteplace, G., Optimal Design of Piping Systems for District Heating.
CRREL Report 95—-17., U.S. Army Corps of Engineers. Cold Regions Research
and Engineering Laboratory. Hanover 1995.

138



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Benonysson, A., Dynamic Modelling and operational optimization of district
heating systems. PhD Thesis. Laboratory of Heating and Air Conditioning,
Technical University of Denmark, September 1991.

Larsen, H., Pallson, H., Behm, B., Ravn, H, Aggregated dynamic simulation
model of district heating networks. Energy conversion and management, 43
(2002), Elsevier Science, Pergamon press 2002.

Beohm. B., Larsen. H., Simple models of district heating systems for load and
demand side management and operational optimisation. Department of
Mechanical Engineering, Technical University of Denmark and Riso National
Laboratory Systems Analysis Department, Energiforskningsprogrammet EFP
ENS J.nr.1373/01-0041, December 2004.

DHEMOS, Open Source Dynamic Simulation of District Heating Networks.
http://www.dhemos.org., 2009.

THERMIS, Simulation of District Heating Networks, 2009

Rogoza. A, Ciuprinskas. K., SiupSinskas. G., The optimisation of energy
systems by using 3E factor: the case studies. Journal of civil engineering and
management, Lithuanian Academy of Science, 2006, Vol. XII, No 1, 63—68.
Verda.V., Borchiellini. R., Cali. M., A thermoeconomic approach for the
analysis of district heating systems. Int.J. Appllied Thermodynamics, Vol.4,
(No.4), pp.183—190, December 2001.

Arto Nuorkivi TO THE REHABILITATION STRATEGY OF DISTRICT
HEATING IN ECONOMIES IN TRANSITION, Publication of Laboratory of
Energy Economics and Power Plant Engineering Helsinki University of
Technology, TKK-EVO-A13 Espoo 2005.

Zigurs, Aris, Efficiency of district heating systems, PhD Thesis, Riga
Technical University, Faculty of Transport and Mechanical Engineering,
Department of Heat Energy Systems, Riga 2009.

An industry information paper prepered by COWI, Danfoss, Grundfos and
LOGSTOR, White Paper on District Heating and Cooling Solutions in an
Environmental Perspective, EU september 2007.

Wallentén, P., Steady — State Heat Loss from Insulated Pipes. Department of
Building Physics, Lund Institute of Technology. Lund 1991.

Behm, B., Borgstrom, M., A Comparison of Different Methods for In — Situ
Determination of Heat Losses from District Heating Pipes. Technical
University of Denmark. Copenhagen 1996.

Hagentoft, C.-E., Simulation of Heat Losses and Ground Temperatures for
District — Heating Culverts. Department of Building Technology, University of
Lund. Lund 1986.

Jarfelt, U., Test Apparatus for Pipe Insulation. Division of Building
Technology, Chalmers University of Technology. Goéteborg 1986.

Werner, S., The Heat Load in District Heating Systems. Department of Energy
Conversion, Chalmers University of Technology. Goteborg 1984.

Werner, S., Annual Heat Losses in District Heating networks. Fernwiarme
international 11 (1982) pp 196 — 199.

139



33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.
47.

48.

49.

50.
51.

52.

53.

Kozin, V. E., Heat supply. Moscow, Voshaja shkola, 1980 (in Russian).
Sokolov, E. J., Central heating and district heating networks. Moscow,
Energija, 1975 (in Russian).

Lebedev, P. D., The heat sypply handbook. Moscow, Energija, 1976 (in
Russian).

Safonov, A. P., The case stady in central heatings and district heating
networks. Moscow, Energoatomizdat, 1985 (in Russian).

Zinger, N. M., Hydraulic and thermal modes of district heating systems.
Moscow, Energoatomizdat, 1986 (in Russian).

Maastik, A., Haldre, H., Koppel, T., Paal, L., Hydraulics and pumps. Tartu,
Greif, 1995 (in Estonian).

Randlov. P., District heating handbook. The European union of manufacturers
of district heating pipes. Briissel, 1997 (in Estonian).

Building norms and rules. CHull 2.04.14 — 88. Thermal isolation of the
equipment and pipelines. Moscow, Stroyizdat, 1989 (in Russian).

Building norms and rules. CHull 2.04.07 — 86. Thermal networks. Moscow,
Stroyizdat, 1989 (in Russian).

The handbook of the designer. Designing of thermal networks. Moscow,
Stroyizdat, 1971 (in Russian).

Methodical instructions by definition of heat losses in water and steam DH
networks MU 34 — 70 — 080 — 84. Moscow, Sojuzenergo, 1985 (in Russian).
The maintenance instruction of district heating networks. Moscow, Energy,
1972 (in Russian).

Shubin, E. P., The Basic questions of designing of systems of a heat supply of
cities. Moscow, Energy, 1979 (in Russian).

Ingerman, K., The heat sypply systems. Tallinn, TTU, 2003 (in Estonian).
Estonian standard EVS 844:2004, Designing of buildings heating. Tallinn, The
Estonian center of standards, 2004 (in Estonian).

Estonian standard EVS 829:2003, Definition of thermal loading of buildings.
Tallinn, The Estonian center of standards, 2003 (in Estonian).

Mikk, I., The handbook of the heating engineer. Tallinn, Valgus, 1977 (in
Estonian).

Isachjenko, V. P., Heat transfer. Moscow, Energoizdat, 1981 (in Russian).
Kutateladze, S. S., Bases of the theory of heat exchange. Novosibirsk, Nauka,
1970 (in Russian).

Amitan, 1., Vilipdld, J., MS Excel. Basic elements. Tallinn, TTU, 2000 (in
Estonian).

Vilipdld, J., MS Excel. System of VISUAL BASIC. Tallinn, TTU, 1999 (in
Estonian).

140



LIST OF PUBLICATIONS

1. Volkova. A., Hlebnikov. A., Siirde. A., Defining of eligible capacity for
biomass cogeneration plants in small towns in Estonia. International
Conference on Renewable Energies and Power Quality (ICREPQ’10) Granada
(Spain), 23th to 25th March, 2010.

2. Hlebnikov, A.; Dementjeva, N.; Siirde, A., Optimization of Narva District
Heating Network and Analysis of Competitiveness of Oil Shale CHP Building
in Narva . Oil Shale, 2010, 26(3S), 269 — 282.

3. Hlebnikov, A.; Siirde, A., The Renovation Plan Development Example for Old
District Heating Network in Narva City . In: Conference proceedings: The 6th
Annual Conference of Young Scientists on Energy Issues CYSENI 2009.
Kaunas, Lithuania: Lithuanian Energy Institute, 2009.

4. Hlebnikov, A.; Siirde, A., The major characteristic parameters of the Estonian
district heating networks and their efficiency increasing potential. Lithuanian
Academy of Science, Power engineering, 2008, 54(4), 67 — 74.

5. Hlebnikov, A.; Siirde, A.; Paist, A., Efficiency of pipes thermal insulation in
Estonian District heating networks . In: Conference proceedings: The 5th
Annual Conference of Young Scientists on Energy Issues CYSENI 2008.
Lithuanian Energy Institute, 2008, IV—10 — IV—-16.

6. Hlebnikov, A.; Siirde, A., The major characteristic parameters of the estonian
district heating networks, their problems and development. In: The 11th
International Symposium on District Heating and Cooling: University of
Iceland, 2008, 141 — 148.

7. Hlebnikov, A.; Siirde, A.; Paist, A., The Present Water Velocities and Friction
Losses in Estonian Old District Heating Networks and Their Difference From
the Optimum. In: Conference proceedings: The 5th Annual Conference of
Young Scientists on Energy Issues CYSENI 2008. Lithuanian Energy Institute,
2008, IV-18 —IV-25.

8. Hlebnikov, A.; Siirde, A.; Paist, A., Estimation of thermal insulation
efficiency of estonian district heating networks. In: Advances in Heat Transfer :
Proceedings of the 5th Baltic Heat Transfer Conference: 5th Baltic heat
Transfer Conference. St. Petersburg (Russia), September 19-21, 2007.
(Editors) Fedorovich, E.; Sunden, B., St. Petersburg: St.Petersburg State
Polytechnic University Publishing House, 2007.

9. Hlebnikov, A.; Siirde, A.; Paist, A., Optimal dimensioning of Estonian old
non-optimized district heating networks. In: Scientific Proceedings of the Riga
Technical University : 4. Power and Electrical Engineering : Energy Systems
and Environment: RTU 48th International Scientific Conference : Power and
Electrical Engineering. Riga (Latvia), 11 — 13 October 2007. Riga: Riga

141



10.

11.

Technical University, 2007, (Scientific Proceedings of the Riga Technical
University : 4. Power and Electrical Engineering ; 4 (20-21)), 55 — 62.
Hlebnikov, Aleksandr; Siirde, Andres; Paist, Aadu, The major characteristic
parameters of the estonian district heating networks and their difference from
the optimal values. Power and electrical engineering, Scientific proceedeings of
Riga Technical University, 2006, Serie 4 (156 — 165). Riga: Riga Technical
University

Hlebnikov, Aleksander; Siirde, Andres, Estimation of heat losses in district
heating networks. Scientific proceedings of Riga Technical University. 4.
[series], Power and electrical engineering, 2004, 91 — 95.

142



KOKKUVOTE

Kaugkiittesiisteemide séilitamine ja korrastamine on pohiliseks eelduseks soojuse
ja elektri koostootmiseks, seega ka kiituse kokkuhoiuks ja looduse sddstmiseks.
Pohisuunad selles kiisimuses on toodud Euroopa Liidu valitsuse véljaandes "White
Paper on District Heating and District Cooling Solutions in Environmental
Perspective" [26]:

"Elektri ja soojuse koostootmine on ainus suurim lahendus, mis voimaldab
tiita EL-i eesmiirki vihendada CO; heitmeid 20% vorra ja suurendada
taastuvate energiaallikate osakaalu kuni 20%-ni."

Eelnevat arvestades on kidesoleva uurimistod eesmirk uurida pdhjalikult ja
objektiivselt Eesti suure, vdikese ja keskmise soojusvoimsusega kaugkiittevorkude
tegelikku seisundit ning leida, kui palju vdib paraneda nende efektiivsus peale
vorkude taielikku optimeerimist ja rekonstrueerimist ning kui suur on soojus-
vorkude efektiivsuse tOstmise potentsiaal. Lisaks sellele on tehtud Tallinna
soojusvorkude vigastuste analiilis ja vilja toodud indikatiivsed suurused, mis
sobivad kaugkiittevorkude iildise seisukorra hindamiseks.

T66 uudsus seisneb selles, et esmakordselt on vilja tootatud metoodika, mis
voimaldab vanade soojusvorkude tegeliku seisundi objektiivset hindamist,
efektiivsuse tdstmise potentsiaali viljaselgitamist ja pdhjendatud renoveerimis-
plaani koostamist. Kasutades véljatootatud metoodikat, on tehtud iile kahekiimne
vana soojusvOrgu seisundi analiilis ja optimeerimine ning vélja toodud nende
efektiivsuse tOstmise potentsiaal ja rekonstrueerimistodde jarjekord. Metoodika
efektiivsust tdoestab ldbivaadatud ja rekonstrueeritavate soojusvorkude efektiivsus-
nditajate paranemine néiteks Narvas, Tallinnas ja Vorus.

Saadud tulemusi on esitatud ja heaks kiidetud paljudel konverentsidel, néiteks
Peterburis — "The 5th Baltic Heat Transfer Conference 19-21 September, 2007
Saint Petersburg, Russia" ja Reykjavikis — "The 11th International Symposium on
District Heating and Cooling, August 31 to September 2, 2008 in Reykjavik,
ICELAND". Lisaks sellele on uuringute tulemused avaldatud nii Eesti kui ka
Leedu Teaduste Akadeemia toimetistes.

Analiiiiside tegemiseks on uuritud kokku iile kahekiimne Eesti suure, viikese ja
keskmise soojusvdimsusega kaugkiitte soojusvorgu. Vaatluse all on soojusvorgud
aastase soojuse viljastusega alates <5000 MWh ja 1opetades iile 100000 MWh.

Uuringute kéigus iga vaadeldud soojusvorgu kohta on koostatud nii soojuslikud
mudelid soojusisolatsiooni tegeliku seisundi hindamiseks kui ka hiidraulilised
mudelid tegelike hiidrauliliste reziimide véljaselgitamiseks. Saadud tulemusi on
vorreldud optimaalsetega. Vaadeldud soojusvorkude torude sisediameetrid on
optimeeritud soojuse minimaalse jaotuskulu tagamiseks. Kdik arvutused on tehtud
praegustest tegelikest soojuskoormustest ldhtuvalt ning hoogsasti arenevate vorku-
de korral on arvestatud ka soojuskoormuse voimalikku suurenemist.

Iga vaadeldud soojusvdrgu kohta on leitud pohilised suurused, mis iseloomus-
tavad nende praegust efektiivsust, ning on analiiiisitud soojusvdrkude efektiivsust
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mojutavaid tegureid. Eesti soojusvorkude efektiivsust on vorreldud kaasaegsete
soojusvorkude efektiivsusega. Suureks praktiliseks saavutuseks on see, et kindlaks
on tehtud vanade vorkude korrastamisega saavutatav energia kokkuhoiu potent-
siaal.

Saadud tulemused véimaldavad koostada vanadele soojusvorkudele pdhjenda-
tuid ja majanduslikult efektiivseid rekonstrueerimise kavasid, mille rakendamisel
vanade vorkude efektiivsus ja tookindlus oluliselt tdusevad ning siilib vdimalus
elektri ja soojuse koostootmiseks, seega ka kiituse kokkuhoiuks.
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ABSTRACT

Preservation of district heating systems in working order is the basic precondition
for combined heat and power generation, accordingly for fuel consumption and
environment pollution reduction. The basic directions on this question are resulted
in the edition of the European union "White Paper on District Heating and District
Cooling Solutions in Environmental Perspective" [26]:

"Promoting combined heat and power generation (CHP) is the single biggest
solution to the EU target of reducing CO, emissions by 20% and increasing the
renewable share of energy to 20%."

Considering the aforesaid, the purpose of the given research work is detailed
and objective estimation of the present condition of the Estonian district heating
networks, and also determine how much can their efficiency increase after carrying
out of full optimization and reconstruction and how big is efficiency increasing
potential. Except for this, the analysis of damages statistics of district heating
systems of Tallinn city is made and indicative parameters allowing to define a real
condition of DH networks are developed.

Novelty of work consists in the creating of the methodology allowing
objectively to estimate the valid condition of old district heating systems, estimate
potential of their efficiency increasing and to develop the proved plan of
reconstruction of a district heating system has been developed for the first time.

Using the developed methodology the analysis of a condition of more than
twenty old district heating systems is made, their optimization is made and the
order of their reconstruction is determined. Efficiency of the methodology was
confirmed by improvement of parameters of the considered and reconstructed
district heating systems, for example in Narva, Tallinn and Voru cities.

The received results are presented and approved at many international
conferences and also are published in the scientific editions.

At carrying out of analyses it is considered more than twenty Estonian district
heating systems with small, average and big loading. District heating systems with
annual thermal loading from less than 5000 MWh to over 100000 MWh have been
considered.

The thermal models, which are necessary for an estimation of the valid
efficiency of thermal insulation, and the hydraulic models, which are necessary for
definition of hydraulic regimes, have been made in the present work. The received
results have been compared to optimum values. Diameters of pipes of the
considered district heating systems have been optimized for minimization of heat
distribution costs. All calculations have been made proceeding from the valid heat
loadings and considering possible increase in loading at expansion of district
heating networks.

For each considered district heating system key parameters defining their valid
efficiency have been found, and also the analysis of factors influencing the district
heating systems efficiency has been made. Efficiency of the Estonian district
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heating systems has been compared to efficiency of modern Nordic district heating
systems. The definition of the major characteristic parameters of district heating
systems after full optimization and reconstruction has been performed. Greater
practical achievement of the given work is that the possible potential of the energy
savings received at reconstruction of old heating systems is certain, and also
economically proved plans of reconstruction of district heating systems are
developed.

The received results allow to make economically proved plans of district
heating systems reconstruction and as a result of their introductions efficiency and
reliability of old district heating systems will essentially increase, and also to be
kept an opportunity of combined heat and power generation with lower fuel
consumption. By results of researches plans on renovation of the district heating
systems are made and successfully introduced, as one very successful example the
plan of reconstruction of district heating system of the Narva city can serve,
composed in 2002 and introduced till today, as a result efficiency and reliability of
this district heating system has essentially raised.
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