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PREFACE

The Danish energy scheme aims at the use of renewable energy for the heating of all
buildings by 2035. A new generation of district heating systems operating at low
temperatures and employing renewable energy sources is seen as being able to
accomplish this. The intention is to integrate low-energy district heating systems
operating at very low temperatures, such ag56r supply and 28 for return. The

basic aim of the PhD project reported on here was to find optimal solutions to this
involving use of renewable-energy-based-energy district hating systems at the
municipal and the regional level. Thetaieed analysis of several cases, each
representing a unique infrasttural municipal heating $&, can provide a rational
basis for innovative transformians and developments in adapting whole regions to
the use of the low-energy district heating systems. Attention is also directed at
intensive efforts that have been directed at a comprehensive integration of renewable
energy sources in meeting the energy nespents of portions of the Danish energy
supply, research questions there being fdated in terms of efforts to solve two
major tasks: (i) the proper dimensioning diktrict heating nsvorks and (ii) the
economic exploitation of locally-available revable energy sources, as examined in
three case studies, each being carried out in collaboration with Danish municipalities.

The first case study, conducted in collamn with Roskilde Municipality, was
concerned with the designing of low-energy DH networks for new settlements, for
which the building of low-energy houses walanned, in particulamatters of the
network dimensioning method to be eoydd, the substation type, the network
layout, and the hydrostaticgssure level that was besinsidered. The second case
study, carried out in collaboration witGladsaxe Municipality, was directed at
replacing existing heating infrastructuresuch as natural gas grids and high-
temperature district heating systems, with low-energy district heating systems for the
existing areas, in which it is planned that the houses presently located there will be
renovated so as to achieve a high degreenergy savings. The third case study
involved research question aimed at stigating possibilities of exploiting the
locally available non-fossil fuel sources to fugpplied to low-energy district heating
systems.

This doctoral thesis is submitted in partial fulfilment of the requirements for the PhD
degree based on the Danish PhD project entitled “District Heating in Areas with Low
Energy Houses”.

+DNDQ gEUDKLP 7RO
19" of January 2013, Kongens Lyngby
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ABSTRACT

This PhD thesis presents a summary tirae-year PhD project involving three case
studies, each pertaining to a typical regional Danish energy planning scheme with
regard to the extensive use of low-energy district heating systems, operating at
temperatures as low as 55°C for supphg 25°C for return, and with the aim of
intensive exploitation of renewable eneigpurces. The hypothesis is that a detailed
analysis of energy performance and costaristruction and operation of low energy
district heating systems can be used aati@nal basis for planning use of district
heating in areas with low energy houses.

The first case study focus was concernetth \@eveloping a method for the designing

of low-energy district heating systems for new settlements in which low-energy
houses were to be built. The method imeal primarily the deelopment of a novel
pipe dimensioning method based on optimizatibthe pipe diameters rather than use
of rule-of-thumb methods, through consideration of a certain value of a maximum
pressure gradient or a maximum velocdy,both. In addition, attention was directed

at the assessment of (i) substation typassidered for use in connection with the
low-energy houses involved, together with the idea of utilizing booster pumps in the
district heating network and (ii) use of netik layouts of either a branched (tree-like)

or a looped type. The methods developed vamaglied in a case study, the data of
which was provided by the munglity of Roskilde in Denmark.

The second case study was aimed at solviogheer regional energy planning scheme,
one concerned with already existing houdske heat requirements of which were
currently being met by use of a naturabggaid or a conventional high-temperature
district heating network. The idea considered for employing a low-energy district
heating system here involved use ofagerational control approach of boosting the
supply temperature during the peak wintemths due to their shorter durations when
compared to a year period. This approaah lsa considered in two different respects:
() in the municipal infrastructure, transforming the current heating systems into low-
energy district heating systems and (iixtie operation of low-energy district heating
systems. The building settlement in quastione located in the municipality of
Gladsaxe, was chosen for the case studyechout, due to the existing houses there
being considered for renovation to housesaolow-energy class, and due to the
existing heat-supply energy infrastructure there being a natural gas grid.

The third case study carried out aimed atellgping energy conversion systems based

on use of renewable energy sources that were available locally. This was carried out

in an external stay at the University Ohtario Institute of Technology (UOIT) in

2VKDZD 21 &DQDGD XQGWIULR@WKRH 8$XMBH UsEUDKAERLVLQOF
colleborative study, a novel method was depetbto serve as the basis of a decision



support tool in investigating the optimal uskerenewable energy sources, particular
consideration being given to the following:

(i) the monthly satisfaction of energyqierements of various types: heating
(including the demands of space heatimgl of domestic hot water production),
electricity, and cooling, in order tstudy the improvement in efficiency
achieved by use of multi-generation systems,

(i) various types of energy conversion syss, such as single-generation, co-
generation, and multi-generation systems,

(i) the long-term storage of heat energy to cope with the mismatch between the
energy production from renewable energy sources and the heat energy

requirements, both in terms of theariations involved, such through the
excessive production of heat by meansalfr based systems, heat that cannot

be used immediately but can be stored in borehole storage systems, to be used

then in the cold winter period,

(iv) an extensive economic asseent of the technologiénvolved, taking several
different parameters into account, kamique for the technology in question,
such as the specific investmet cobtssed on an economy-of-scale, operation
and maintenance costs, the lifetime af technology, the capacity factor, and
the salvage value of the energy coni@mrsystem at the end of its lifetime,

(v) seasonal variation in the generation of energy, in line with the availability of the
renewable source in question,

(vi) on a limited scale, aimed at gaining as much insight as possible into the
complexities of the questions involveekamining the environmental concerns
possible to encounter during the opemasi of each conversion system, the
security of supply being figured onretibasis of the optimal solutions obtained.

In summary, the methods developed thre case studies concern the technical
framework for establishing an integratedergy supply scheme involving the use of
renewable energy sources for meeting émergy needs of low-energy houses by
means of a city-wide low-energy district heating system.

Keywords: low-energy; district heating; energy efficiency; optimization; pipe
dimensioning; network layout; control ifsophy; substation; renewable energy;
decision support tool.



RESUME

Denne ph.d.-afhandling er en sammenfagniaf det trearige ph.d.-projektet
vedrgrende tre casestudier, som hver ek mméd henvisning til en typisk regional
dansk energiplanleegning med hensyit omfattende brug af lavenergi-
fiernvarmesystemer, der opererer med lave temperaturer sisom som 55 °C i fremlgbet
og 25 °C i returlgbet og med eimtensiv udnyttelse af de vedvarende
energikilder.Hypotesen er at en detaljeret analyse af lavenergifjernvarmesystemers
energimaessige egenskaber samt anleegs- og driftsudgifter kan benyttes som et
rationelt grundlag for planlaegningen &fugen af fiernvarme i omrader med
lavenergibygninger

| det fgrste case study, blev fokus retteod valg af designetode til lavenergi-
fiernvarmesystemer for nye bebyggelselaafenergihuse. Designmetoden indeholdt
hovedsageligt fastlaeggelsen af en mgr-dimensioneringsmetode baseret pa
optimering af diametre i stedet for at bruge tommelfingerregler, der er baseret pa den
maksimale trykgradient, maksimal hastighed og/eller samtidig behandling af begge.
Et andet designelement omhandlede de vunderi af (i) typer af fiernvarmeunits i
bygningerne, der kunne bengtelavenergihusene sammered ideen om udnyttelse

af boosterpumper i flernvarmettet og (i) udformningeraf fiervarmenettet enten

som forgrenede (trae- lignende) eller som einDe udviklede metoder blev afprgvet i

et casestudie baseret pa datgeret af Roskilde Kommune.

| det andet case study blev fokus rettet mod lgsning af en anden regional
energiplanlaegningsopgave, der vedrgrer eksisterende huse, der er tilsluttet et
naturgasnet eller et konventionelt hgjtemperatur fiernvarmenet. Den
forskningsmaessige idé til Igsning af dette problem var ved anvendelsen af et
lavtemperatur fiernvarmenet med en stgsstrategi baseret pd en forggelse af
fremlgbstemperaturen i kolde vinter-spids$teerioder af kort varighed sammenlignet
med hele aret.

Det blev overvejet at anvende denne Igsning i to situationer, den fagrste (i) som led i
endringen af den kommunale varmeplande nuvaerende naturgasnet til lavenergi-
flernvarmesystemer og den andeni) (i forbindelse med driften af
lavenergifijernvarmesystemer. Den eksistete bebyggelse i Gladsaxe kommune blev
valgt til casestudiet, fordi den pesesenterer bygninger med behov for
energirenovering og aendring i forsyningslgsning fra det nuvaerende naturgasnet.

| det tredje case study var fokus pdteenmelse af lokaltiigeengelige vedvarende
energikilder til brug i energiforsyningssystemer. En undersggelse af dette skete under
det eksterne ophold pa& University of t@mo Institute of Technology (UOIT),
Oshawa, ON, Canada under vejledning affggsor Ibrahim Dincer. | denne feelles
undersggelse blev en ny metode ubthti til at veere grundlaget for et
beslutningsstatteveerktgj vedrgrende en optimal udnyttelse af vedvarende energikilder
med omfattende analyser med hensyn til:

Xi



() den méanedlige opfyldelse af forskedligyper af energibehov dvs. opvarmning,
herunder krav til rumopvarmning og vara@nd, el og kaling med henblik pa at
inddrage effektivisering af multi-generationssystemer,

(i) forskellige typer af energikonverteringssgmer sdsom ’single-generation’, 'co-
generation’, og 'multi-generationssystemer’,

(i) den langsigtede lagring af varme til at klare den manglende overensstemmelse
mellem produktion af varme fra vedvarereteergikilder og behovet for varme,
som begge folger forskellige variatiorfeeks. kan den overproduktion af varme
ved hjeelp af sol-baserede systenikke anvendes, men kan opbevares i
borehulslagersystemer og andes i den kolde vinterperiode,

(iv) en omfattende gkonomisk vurdering af telogi¢rne ved at tage hensyn til en
reekke parametre for hver teknologi, sasonspiecifikke udgifter til investering,
drift og vedligeholdelse, levetid, kapacitetsfaten, og restveerdi af
energiforsyningssystemet,

(v) den saesonmaessige variation af eneodipktionen afheengigt af den vedvarende
energikildes ydelse

(vi) og, i begreenset omfang de miljgmaessigesyn, der er mulige at opfylde under
driften af hvert konvertengssystem samt forsyningssikkerheden for de optimale
lgsninger.

Metoderne, der er opnaet ved case-studjdrae samlet set givet de tekniske rammer

for etablering af et integreret energiforsyningssystem baseret pd anvendelse af
vedvarende energikilder til forsyning af lavenergihuse ved hjelp af
lavenergifjernvarmeanlaeg.

Nggleord: lavenergi; fiernvarme; energi effektivitet; optimering; rar dimensionering;
netveerk  layout; kontrol ~ filosgf  substation;  vedvarende  energi;
beslutningsstatteveerktgj.
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GLOSSARY

Low-Temperature

Excessively low temperature supply of about 50°C.

Low-Energy

Used for district heating systems operating at low temperatures

Low grade

Surplus heat at low temperras which it is hard to exploit.

Heat carrier medium

A medium consisting of a fluid used to transport heat in such

a way

that a change in enthalpy occurs through an endothermic reaction

that takes place, for example at the heat source, and an exot|
reaction, for example one of positive effect for consumers.

Pipe Network A closed circuit of several pipes connected to each
hydraulically for the purpose of circulating a heat carrier meg
from a heat source to consumers.

Node A junction of several pipes or a sign for heat consumers.

Leaf node A node without any successor node (also used as end-node).

Root node A node without any predecessor node, in reference to a heat s

Pipe segment

A short segment of pipe that connects a node to a succeedin
in the order from root node to leaf node.

Route

A sequence of pipe segments extending from a root node
respective leaf node.

End-user connection

A service pipe that provides the means of circulation taking
within a district heating network, used for in-house installation.

Network layout

The shape of a pipe netlwavith respect to the interconnectio
between the pipes.

Branched network

The tree-like formationahetwork providing a unidirectional flo
from the root node to the leaf nodes.

Looped network

The looped formation of atwerk shaped in the form of close
paths composed of pipe segments, in which each heat-dema|
node has a number of alternative paths for the flow to be suppli
one of the neighboring nodes.

hermic

ther
ium

urce.

g node,
to a
place

ns

=

2d
nding-
ed by

Supply line A pipe line employed to deliver the heat carrier medium after its
enthalpy has increased at the tszatrce (Also known as feed line)|

Return line A pipe line employed to transfer the medium back to the heat carrier
medium after its enthalpy has been reézh through heat
consumption by the in-house installations of consumers.

Single pipe An insulated type of pipe used in district heating networks, the pipe
being protected or shielded by an insulating casing.

Twin pipe An insulated type of pipe used especially in district heating networks,
involving two pipes, both of the same diameter, protected over-

shielded by an insulating casing.

XiX



Pump Station

A major facility in a district heating network, one that provides
difference in pressure difference required to circulate a heat ¢
medium.

the
arrier

Pressure drop

A loss in pressure during circulation of the heat carrier m
through the pipe network involved, one due to frictional forces
termed as pressure loss).

edium
also

Head lift

The maximum amount of pressure the pump can provide
measure of it being given as the vertical lift of the medium.

, the

Booster pump

A small-scale facility a network is equipped with, one located

to the consumers, for the purpose prbviding an increase in the

close

pressure of the supply line, in addition to the residual pressure

capacity from the main pump station.

Holding pressure

A certain minimum amount of pressure maintained in the heat
medium during its circulation, in order to prevent the risk
cavitation.

carrier
of

Pressure gradient

A physical quantity representhe rate of change in pressure with

respect to the length of the pipe segment or segments to whic
applied.

h it is

Substation

An in-house installation at a consumer site that conveys the
content to be used in the space heating of a house and
production of domestic hot water

heat
n the

Buffer tank

A small-scale tank used for the storage of heat in a substatio
that stores heat content from the district heating network during
peak times of day for it to be used for in-house heat needs at
times (also termed as storage tank).

n, one
off-
peak

Thermostatic valve

A self-regulating valve used in connection with in-house h

cating

systems, one that regulates the flow of an in-house heat garrier

medium in accordance with the heat demand rate.

Bypass valve

A self-regulating valve used in connection with a district heating

network, its transmitting the supply-heat carrier medium, whe

n its

temperature be degraded, to the return line, to then be circulated to

the heat source.

Heat Demand

The heat energy requirement of a consumer site.

Heat load

The heat energy that needs to be conducted by a district heati
network.

Simultaneity factor

A factor reducing the effect on the estimated heat load through
advantage of the asynchronous heat use by multiple consumersg
use of heat by different consumers involved occurs neither all ¢
same time nor at the same rate.

Heat load duration

A decrescent way of showing heat loads together with their d
of occurence during the period of a year with respect to a ¢
district.

Heat load factor

The ratio of any particuterat load to the peak heat load rate.

Heat density

A physical quantity representing the unit of overall heat load pe
of the land on which the district heating network is employed.
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1. Introduction

“Be a scholar, a science-lerner, or aisnce-listener; or a lover of them.

Don't be the fifth, then you'll be perished.”

Prophet Muhammed
(Peace&Blessings Upon Him)

1INTRODUCTION

District heating systems, supplying theal produced from a central heat production
plant/s to consumers by way of heat aarrimedium circulating in a distribution
network involving use of preasulated pipes, has been found to be highly useful.
Their usefulness can be listed as (i) their being energy efficient, (ii) their being easy to
exploit energy sources of virtually any tyfeven renewable electricity by means of
electrically-driven heat pump), and (iii) their being able to recover low-grade waste
heat that otherwise would be lost.

In the early stages of the use of districatireg systems, the distribution of heat took
place through the use of steasithe heat-carrying medium. In the course of time, the
drawbacks in basing heat carrying here the use of steam became increasingly
evident. However, such systems were founddibe expensive in their construction
and maintenance, (ii) to gaire condensation of the steafier its heat content had
been utilized by consumers, (iii) to caumgormous heat losses, and (iv) to require
excessive safety measures. In the wakéhe$e defects being noted, the newly built
systems that evolved were based on superebgaressurized) water, its temperature

at about 120°C, and afterwards on hot wa# a temperature of about 90°C [1,2].
Further reduction in the supply temperatuvas achieved by pertaining trials of
decreasing 5°C of the supply temperature each week from 85°C to 70°C in an
operating Danish district heating systemstadying the effects of this practically on

an operatin district heating system, a significant reduction in the heat loss from the
district heating network was found as a decline from 460 TJ/year to 375 TJ/year when
the supply temperature was reduced fr@&iC to 70°C, respectively. However the
pumping power was obtained without anyaobe. The temperature difference was
obtained with a decrease from 35°C to 28°C [3]. The article [3] provided further
benefits of lowering temperatures as (i) noyed efficiency of CHP plants, (ii) ease

in using of heat storage tanks, (iii) updea exploitation of industrial surplus heat,

(iv) possibilty of utilizing a condenser as a boiler and (v) simplified design of
network. In more recent developments (detdéscribed in [4,5]), low-energy district
heating systems operating at very low temperatures, 55°C in the case of supply and
25°C in the case of return, were found ttséa the heating demands of low-energy
houses when control of the substations wdsquate. In case of a traditional district
heating network when equipped to supply low-energy buildings, the low level of heat
demand by consumers was obtained to cHusédeat loss from the network being the
major proportion in comparison to the overall heat load of the district. The solution to
this issue was found with focus given on minimizing the heat loss from the network,
and, thus, the investment cost. As givefdil the socio-economic analysis resulted in
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1. Introduction

economic superiority of low-energy district heating systems in comparison to cases of
utilizing heat pumps (for two different contigations one as ground coil and the other
as air-to-water).

Successful examples of employing suclrexxely low supply temperatures in low-
energy DH systems have been demonstrated in various case projects, their
descriptions given below:

I)  Lystrup, Denmark as summarized from the articles [6,7],

The district heating system was designed with a high level of differential pressure so
that small pipe dimensions can kbasured. A minimum supply temperature was
defined as 50°C at the consumer site, itsiglereturn temperature being defined as
25°C. Both initiatives were the reason for having minimum heat loss from the district
heating network. The key design criterias ta&ngiven as (i) maximum velocity of 2
m/s, (ii) maximum static pressure of 10 béii) holding pressure of 2 bar, (iv)
minimum differential pressure of 0.5 bd¥k) supply temperature range of 50°C -
70°C, and (vi) by-pass valves equipped atend of each street. The Lystrup district
heating supplies to a heating space afe4115 m2 with 40 terraced houses and one
community building. The terraced houses ¢hemrs established in accordance to low-
energy class standards with radiatorsrimms and a floor heating for the bathroom,
their overall heat demand given as 31.4 kiividlyear). The performance of this pilot
low-energy district heating system was observed to be rewarding for the development
of low temperature operation. Heat lofsm the district heating network was
obtained to be 25% lesser than the coriveat district heating network that was
considered with temperature schermé 80°C — 40°C, as supply and return,
respectively.

I) SSE Greenwatt Way development project in Slough in the UK, as summarized
from the article [8],

This district heating system there was designed to be operated at a supply temperature
of 55°C and its heat source being ground seureat pumps, agource heat pumps,

solar thermal collectors, and a biomassldvo The substation of each house was
equipped with a plate heat exchanger praxgdieat supply as domestic hot water and
space heating. The project highlights reducing the return temperature from the
consumer-site by means of serial conrctof the radiators, which, in return,
improves the efficiency of heat productionitarwhile reduces (i) pipe sizes in the

pipe dimensioning stage, (ii) the heat loss from the district heating network, and (iii)
the pumping energy. Besides, a large stratified heat storage system was coupled to the
district heating network. The benefits nieeachieved with (i) overcoming of the
mismatch between heat supply and heat coptomby the consumers, (i) flexibility

and efficiency achieved in renewable heat production.
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Ill) Drake Landing Solar Community dewsgment project in Okotoks, Alberta,
Canada, as summarized from the article [9]

This district heating system was designedupply at a temperature level of 55°C (for

an outdoor temperature of -40°C) to Btached houses with high insulation
properties, its source based on fsthermal system (having 2293 gross area of

plate collector) and a borehole seaal storage system (having 34008 afi earth

space with a grid of 144 boreholes). Tweahstorage systems were also equipped for
short duration of use with a tank capacity of 249 tm overcome the mismatch
between heat supply and heat demand. diseharge rate of these heat storage
systems were defined to be as in highate than the borehole seasonal storage
system. Hence, the heat storage systems were used as buffer between the borehole
storage system and the district heating system.

IV) The minewater development project in Heerlen, the Netherlands, as summarized
from the article [10]

The minewater taken out from four different wells, each having different levels of
temperature, has been used as source fheat production plant that is supplying
buildings there of (i) heat in low tempeaueg as 35°C — 45°C and (ii) cooling in high
temperature as 16°C — 18°C. The return terafure as combined of both heating and
cooling is observed to be as 20°C - 25°C. As safety concerns, the low-energy district
heating system was designed to be in ceuwpth a polygeneration energy production
system involving of electricity-drivendat pumps and of gas-fired high-efficient
boilers. Besides the use of the underground spaces (of the abadoned mines) there as
geothermal sources, they were also utilized as borehole storage systems. Hence, the
unused heat from the low-energy distrieating system was designed to be re-
injected to the minewater volumes for storage purposes. The paper [10] states that as
soon as the building insulation propertiege @xcessively efficient, the supply of
heating and cooling can be with low-grademgy (i.e. its level of supply temperature

can be close to the room temperatujother statement of the same study is
regarding the high investment costs of such systems which, however, can become
profitable by preventing addithal cooling systems, by use of an integrated design
approach, and by management also of the $maice by the investors. The integrated
design approach here refers to the comprehensive optimization of one whole system
imvolving of its sub-sections with their imtections to each other. In the paper [10],

the sub-sections of one whole system wmresidered with (i) the building-site (focus
given on its sustainability), (ii) determining the capacities of the sources, (iii) heat
production site (focus given on technolog&gh as heat pumps, cogeneration, and
storage of heat and of coajimean), and (iv) emissions.
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V) Operating low-energy district heating system inOUUGHKLU 7<«UNL\H D
summarized from the article [11]

A successful example of employing low-tenmgtterre operations is also to be found in
WKH GLVWULFW KHDWLQJ V\WVWHP LQV.X03SGI\HIQU KKDWHW
1,800 dwellings in high-rise multi-family buildings since 1994. The driving force for
having low temperature operation in the municipal heat infrastructure there originated
in the availability of a local geothermsburce, having a temperature of about 57°C.

In the design stage of this low-energy district heating system, some complaints arose
regarding the practicability of using low-temperature operation in such a cold climate
with outdoor design temperature of -12Hbwever, any complaints were delated by

the consumers so far. In theOUGHKLU GLVWULFW KHDWLQJ QHWZR!
polyester fiber-glass was used, its supplg Ibeing designed as pre-insulated while
the return line without insulation, both budiat a depth of 1.5 — 2 km below ground.

The operating temperatures were define8&S8C and 40 °C in terms of, respectively,
supply and return. The heat loss from the supply line was observed as 0.4 °C/km. The
idea of not using insulation in the return line can be interpreted as due to low
investment together with the fact of utilizing free renewable source that is geothermal
energy. The control of each of two distinetworks (one having the circulation of
geothermal brine and the other having dieulation of heat carrier medium) was
based on the control philosophy of pump flate control. Th@ump was determined

as adjusting the flow rate dependemt the outside temperature and pressure
regulation through the district heating netk. Hence, three pumps were established

as coupled to each network. The first stage pwas defined to be used in situations

of the low-demand conditions (equivalettt 15.6% of the peak demand) during
winter and in summer months. In case élerall demand increases, the second stage
pump was defined to be activated to $ptihe overall heat deand equivalent to

39% of the peak demand. Then, the thimbgstpump was defined to be activated to
satisfy the overall heat demaerduivalent to 78% of the peak heat demand. Each in-
house system was based on the control phylleg of “priority of domestic hot water
heating”. The domestic hot wea production unit was designedth an instantaneous

heat exchanger units —with surface area in the range of 3 - 38,dtsheat source
being defined as the supply line of radiasystem. The reason behind this was that
the house thermal comfort condition was congderot be depreciated due to lack of
space heating supply in 10 minutes of damdsot water consuption. The radiator
system installed at each house has aacidy being obtained with operation
temperatures of 54 °C in terms of supplynperature, and 38 °C in terms of return
temperature. The temperature of domestitwater was found to be 48°C in case the
domestic water temperature coming to the production unit has the temperature at
around 15°C. Various benefits of utilizingw operating temperatures have become
evident through the experience gainedrfrthe demonstration projects and through
different studies in this field3[12,13], which have shown the following:
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@)

(if)
(iii)

(v)

V)

(vi)

reduction in the overall heat loss (a) from piping networks and equipments, such
as heat exchanger stations, valves, etc. with which district heating systems
became equipped and (b) through leakages of the heat carrier medium,

increased efficiency in heat extraction at heat production plants,

ease in the exploitation of (a) low-grade energy sources such as geothermal
sources and solar energy and (b)steaheat from industry, which would
otherwise be lost,

improved thermal comfort a@ved by means of (a) low indoor air circulation
speeds, (b) prevention of the dehydratarindoor air and of dust burning on
radiators, as well as of skin burns, @flwhich are possible in the case of high
temperature operations.

decrease in the axial forces and stress that district heating piping networks can
be subjected to.

reduced risk of encountering cavitatiom the pipes in the network through
reduction in the minimum cavitation pressure.

On the basis in particular of the advamtmgust referred to, low-energy district
heating systems are rewarded as being able to utilize renewable energy sources in a
satisfactory way to low-energy houses, doing so being a long-term goal
of energy policies in Denmark [15].
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1.1 Aim and Hypotheses

A major aim of this PhD thesis was defined as developing a method for using
sustainable and energy efficient low-energy district heating systems both (i) in areas
where low-energy houses have been built @pdh areas in which houses of a more
conventional type are located. This method wanceived in particular as providing a
framework for Danish municipalities being able to make an innovative and
sustainable transformation of their energfrastructures so as to have sustainable,
energy efficient and environment friendly dist heating systems (able to supply heat

to low-energy buildings as well as to existing buildings with lacking or poor
insulation). This is seen as facilitating an infrastructural transformation process
involved in (i) developing a ntieod for designing low-energgistrict heating systems
considered for new settlemsn((ii) developing a method for designing low-energy
district heating systems for already existing settlements involving existing buildings
in use of existing old in-house heating gyss and (iii) developing a decision support
tool in planning for the use of renewabénergy sources as heat sources for low-
energy district heating systems. Regardimg heat supply, strong emphasis is placed
on matters of sustainability, seiy of supply and reliability.

It is hypothesized that a detailed analysigérgy performance and of overall costs —
including the costs of investment andagferating and maintenance — of low-energy
district heating systems can be used aatianal basis for planning the use of low-
energy district heating in areas in fi@rlar in which low energy houses are built.
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1.2 Purpose and Scope

The PhD research reported on here has been concerned with three main quantitative
research questions (Figure 1.1).

The first research question is that of wiha¢thod or methods can best be used to
determine the most energy-efficient and sustainable optimal dimensioning of a low-
energy district-heating piping network, together with the substation types and the
network layouts that can most fruitfully be employed.

The second research question concerngdbkenical possibilitie®f integrating the
use of low-energy district heating systems in already existing settlements with the
existing in-house heating systems houses there are equipped with.

The third research question concerns tbathow a decision support tool can be
developed for determining the optimal capacities of renewable-energy-based energy
conversion systems for supplying heat tedenergy district heating systems and the
technical specifications sh a tool should meet.

Figure 1.1. The research questions concerndthwhe rational basis for developing
future energy schemes

In order to evaluate the applicability ofie methods developed to the research
guestions posed, the methods were emplogettiree case studies; (i) a case study
carried out in a suburban area of Trekmmenmark, the data and the maps involved
being provided by the municipality of Rosléld(ii) a case study carried out in an
already existing settlement in which the binfgs are currently being supplied by a
natural gas grid, the data for the study #r@lmap of the area needed being provided
by the municipality of Gladsaxe, and (iii) a case study carried out for the Greater
Copenhagen Area and for the Greater Tordxrea in which the low-energy district
heating systems employed there were studiedresearch questions referred to above
being posed.
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1.3 Disposition of the Thesis

The PhD thesis which is based on article-based dissertation consisted of six
publications involving of three ISI articles, of one non-ISI article, and of two book
chapters, all being referred in the section of “List of Publications”.

The major aim of this PhD thesis was defirssdthe development of a method for use
of sustainable and energy efficient low-energy district heating systems both for new
settlements and existing settlements with existing buildings’. This major aim was
formulated with three resedr questions, their detials being described in Section 1.2.

The first research question concerned the energy efficiency of the low-energy district
heating networks for new settlements, considering the first part of the major aim of
the PhD thesis. The beginning of the PhD study has the first inception task of
developing a novel method for designing the-lenergy district heating networks for

a new settlement considering in particular sub-focus points: (i) pipe dimensioning
methods, (ii) substation typesiji) network layouts, ad (iv) maximum levels of
hydrostatic pressure invad. Following the aforementioned numbering here; the ISI
articles I, and Il, both, presented the resaftthe sub-focus points (i), (ii), and (iii);

and the non-ISI article presented the respiitthe sub-focus point (iv) (Details given

in Section 2.1.1).

The second research question concerned the energy efficiency of the low-energy
district heating networks for existingtdements, in focus on the second part of the
major aim of the PhD thesis. The investigation results of the first research question
was utilized as the basis knowledge in &dding the second research question.
Special focus was directed to develpontrol philosophy of boosting the supply
temperature in the peak cold winter periods for low-energy district heating systems.
Here the low-energy district heating systems were considered to be replaced from the
current heating infrastructures which cae a high-temperature district heating
system or a natural gas heating systemh b&ing expected to end their service life
soon. Two areas of application of the control philosophy ‘boosting the supply
temperature in the peak cold winterripds’ were studied, (i) one satisfying the
current heat demands (which are of a higher level than that foreseen for the future)
during the transition period of improvindne insulation property of the existing
buildings, and (ii) the other being the control philosophy for the future low-energy
district heating systems as operational @ojshy to overcome the short-lasting peak
demand conditions. The ISI article Il hastHescription of the technical solution
involving of the control philosophy in gson (Details given in Section 2.1.2).

The third research question concerned s$stainability, security of supply and
reliability of the low-energy district heating systems, as third part of the major aim of
the PhD thesis. Hence, focus was given investigation of locally available
renewable-based heat sources in ordersupply to low-energy district heating
systems (for new or existing settlements, both of which were investigated by
addressing the first two research questions). Low-energy district heating systems were
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considered with single heat-production plants and also with multi-enegry generation
plants which has better efficiency thange-generation ones. A decision support tool
was developed for determining the cdpas of renewable-energy-based energy
conversion systems, together withethsatisfaction of the monthly energy
requirements, along with economic consadiems in connection with the energy
conversion system or systems beimggnployed. Here, the monthly energy
requirements were considered as heat farénergy district heating systems, cooling

for low-energy district cooling systems operating in high-temperatures, and electricty.
The book chapters | and Il provided a d&mi support tool for determining the
capacities of renewable-energy-based energy conversion systems, together with (i) the
satisfaction of the monthly energy requirents and (ii) economic considerations in
connection with the energy conversion systor systems being employed. The book
chapter | presented specifically the environmental improvement gained by use of
renewable-sourced energy production eys in comparison to non-renewable
sources regarding the decision support tooluestion (Details given in Section
2.1.3).

Aforementioned descriptions @fll methods as result of the three research questions
show, in particular, their ter-complementary connection éach and, as whole, the
achievement of the major aim of the Phledis. All of the methods obtained together
with their results in the cases studies featwhich was observed as solution to one

of three research questions), together, tioned the rational basis in response to the
hypothesis of the PhD thesis, involving Ihaif energy performance and of overall
costs of low-energy district heating systems. The containment relationship of the
research questions to one other can be seen in Figure 1.2.

It is hypothesized that a detailed analysigmérgy performance and of overall costs —
including the costs of investment andagferating and maintenance — of low-energy
district heating systems can be usediastional basis for planning the use of low-
energy district heating in areas in fp@arlar in which low energy houses are built.

Figure 1.2. lllustration of containment relations between the different research
questions (RQ refers to Research Questions in the context named)
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2. Methods 2.1. Integrated DesighdarEmergy Future

“Seek knowledge even in (as far as) China.
Because seeking knowledgedabgious duty upon every Muslim
Prophet Muhammegbeace&Blessings Upon Him)

2METHODS

The first part of the method section deals with how the hypothesis of the PhD thesis is
answered by means of adressing the research questions, their detail being given in
Section 1.3 (Figure 1.2).

The solution to the first research questiis described in Section 2.1.1 in which
dimensioning of low-energy district heating networks considered for new settlements
is presented. In particular, the considerai®given to the determination of (i) pipe
dimensioning methods, (ii) substation typ#) network layous, and (iv) maximum
levels of hydrostatipressure involved.

The solution to the second research qoess described in Section 2.1.2 in which the
use of the control philosophy “boosting thgply temperature in the peak cold winter
periods for existing settlements is dentosied. The design method developed as a
response to the first question was re-tdm®d with the operational control
philosophy in solving the second research question.

As sum, the pipe deterndtion methods were dewged for new settlements and
existing settlements (with existing city-witheating infrastructure) in response to the
research questions 1 and 2, respectivelyefards, the solution to the research
question 3 is presented in Section 2.1.3wnimch the determiaion method of the
optimal capacities for renewable-based ggesources, supplying low-temperature
heat to low-energy district heating systems is presented.

The second part of the methods sectiosdacerned with the commercial software
programs that have been utilized in corimecwith the research studies involved in
the thesis.

2.1 Integrated Design for the Low-Energy Future

Various matters taken up in the ISl articles are dealt with in this section. Each sub-
section concerns the methadlsveloped to answer the research questions involved in
the part referred to. The first two sub-sews, both concerned with dimensioning of
low-energy district heating network, tdber with the last sub-section, concerned
with the energy supply scheme intendethécapplied to the renewable energy supply.
Readers shall keep in mind that all of these sub-sections must be seen as constituting
an integrated whole as the answer to the proposed hypothesis.

2.1.1Design of Low-Energy District Heating Systems

This section presents a new method for the designing of low-energy district heating
systems involving use of a pipe dimensiapimethod and the analysis of different
substation types, of the effect of yatooster pumps employed in the network,
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different network layouts,ral the static pressure levamployed. The section also
summarizes the methods described in theal8cles I, and II; and in the non-ISI

article 1, all of which are concerned wigiroviding an answer to the first research
question.

Pipe-Dimensioning Method

The major aim here was to develop a pifi@ensioning method appropriate for the
low-energy district heating systems to be employed in new settlements. The goal was
to develop a dimensioning method providiggeater energy savings and involving
lesser construction costs for the piping matwthan achievable by use of a rule-of-
thumb methods. These rule-of-thumbstimoels are based on reducing the pipe
dimensions of the network until the satisfaction of a certain criteria such as that of
maximum velocity, maximum pressure gext, or both [16].Several approaches
were considered for each of the differéamms of a district heating networks.

The first approach was directed at modelling of a district heating network (i) with use
of list of nodes, each indicating a con®mor conjunction poinbf multiple pipe
segments, and (i) with use of list of pipegments, each indicating a continuous line

of pipes of the same diameter connegtiwo nodes (this research concept being
based on the study [17]). Here the useagbartite model of the network involved
considering each pipe segment separatelg.prpose as taken within this PhD thesis
was to consider each pipe segment in accordance with the consumer load (the number
of consumers) that the pipe segment is exposed to.

The next approach then was directed aemmeination of the heat load on the pipe
segments involving use of simultaneity factts effect decreasing in accordance with
the consumer load considered. The baséaitiehind the use of simultaneity factor
comes from the asynchronous behavior @ithconsumption by consumers as whole
[18]. Use of the simultaneity factor showdfeliences in the level of accordance with

the type of heating demand involved, whas considered in the study being both
space heating and heating of domestic hot water [19]. Various simultaneity factors,
each of them unique for the demand typeurestion, either space heating demand or
demand for domestic hot wateroduction, were employed in each pipe segment.
Simultaneity factor shows also difference in according to the substation type equipped
as in-house installation. Twoffiirent types of the subsian was involved in the PhD
research studies, one with substation gogd with storage tank and the other with
direct heat exchanger, both as theduction unit of domestic hot water.After
determining the heat load on each pipe sagrmvolved, with use of the simultaneity
factor, as a function of the consumerdpase was made of the pipe dimensioning
method to be employed. The main idea hees to exploit the head (pressure) lift
provided by the main pump station as much as possible in each route of the district
heating network (the AluFlex type pipe has the limitation of the maximum static
pressure being 10 bar — thesalute pressure). The argument behind this is that once
the pump head lift can overcome the pressure loss in the critical route, which may be
the longest route in the network (though this is not necessarily the case) it can
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overcome the pressure losses occurring énatiner routes [20]. The idea was thus to
develop an optimization model appraising each pipe segment of the DH network
separately with dimensioning of it, while at the same time assessing the pressure loss
occurring in each route for the purpose of maximising use of the head lift provided by
the pump station. In line with the optimization flowchart shown in Figure 2.2, the
objective function was formulated so as to minimize the heat loss from the district
heating network, the constraint function being devised to maximise the exploitation of
the allowable head lift in each route through decreasing the pipe dimensions
appropriately.

The optimization method developed was
compared with the rule-of-thumb
methods, one based on the ‘Maximum
pressure gradient —itical route method’

in which one pressure gradient limit is
taken as maximum, defined in terms of
the critical route, for each route and the
other being based on the ‘Maximum
pressure gradient multi-route method’,
in which the maximum pressure gradient
limit was determined for each route
separately. The expressions used in
application of the different dimensioning
methods are given in Table 2.1.

Figure 2.1. General diagram of the
optimization flowchart

There are several arguments against ugbeobptimization method in question, their
being derived from consideration of thebstation types in the in-house systems of
the consumers, when including booster puinphie network layouts, and employing

the maximum static pressure for the design, all of which is described in detail in the
following sections.
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Table 2.1 The expressions used in th#etent dimensioning methods

Goals Maximum pressure gradient Optimization Method

Critical route method Multi-route method

Objective of
Minimization

Constraints

Equations
Employed

wherep, 1, refers to the pipe segments that connect the n@ide the node, in the order from root node to leaf node. The affiliations with respect to pipe
segments, indicated prior to the pipe segment by the not&jonB, ‘P, andL refer to the diameter, pressure gradient, pressure drop, and length of the pipe,
respectively.Ris the route constituted by theggiential pipe segments, starting from the root node and extending to the respective leaf nodes. The diameters
of the pipe segments have their size in relation to the pipe diameter sets defined, &#igrrapresenting commercially available pipe diameters, of as

so as to allow the optimization algorithm to find continuous (not commercially available) values for the diameters, whishrateded up to the upper

values of the diameters given in the seTBD. In its sole form, the subscriMax refers to the maximum size of the parameter where it applied, additional
subscripts being given next kdax, where CR and |, refer, respectively, to critical route, and to route label. The superscript * refers to generated values of
decision variables for “the pipe diameters” as obtained byfithe optimization algorithm. The details can be found in Kg&ilad.
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Substation Types

The properties of the substation the houaes equipped with have a considerable
effect in various ways on the network dimse®ns, due to different levels of heat
found in the district heating network armghanges in the simultaneity effect in
accordance with the heat consumption profile. In the present study, the aim was to
investigate the effects of the storage (bffank, which has a capacity of 120 litres,

as taken from the studies [6,7,19,21,22]. Reg.3 shows the configurations of
different substation types considered ia gtudy. Another point concerned employing

of booster pumps in the network with then of increasing the maximum allowable
pressure loss, this being aimed in turn at being able to decrease the pipe dimensions
further by use of the optimization algorithm. Employing booster pumps in the
network, as shown in Figure 2.4 — (c), wassidered, with use of the substation type
not equipped with a storage tank in the houses of the consumers.

Figure 2.2. Diagram of the two substation typesm@ayed: (a) with a storage tank
and (b) without a storage tank, as taken from the ISI article Il.

Optimal pipe dimensions weabtained by use of the optimization method in question
for three cases, (i) the one having a sulmstawith a storage tank being located in
each house, (ii) another having a substatitthaut any storage tanks being used, and
(i) a third employing booster pumps inetimetwork under the conditions applying to

the second case. The reliability of the optipiple dimensions was later evaluated by
use of the hydraulic and thermal simulation software Termis, using several scenarios
as input data. The scenarios was fornwveith the heat consumption profiles of
consumers representing the periods oé tbold peak winter. Here the heat
consumption profiles took, also, accounttbé degree of simultaneity of the heat
demands.
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Network Layouts

Another matter investigated
was that of the layout of the
distribution network, the one

layout being in the form of a

branched (tree-like) and the
other a looped layout, as
shown in - Figure 2.4 (a) and
Figure 2.4 - (b), respectively
[23,24]. The aim here was to
measure the drops in
temperature of the supply heat
carrier medium when

delivered to consumers during
the summer period. This is
because of the extreme
scarcity of heat consumption
then, due to the lack of any
need for space heating, and
reduced use of domestic hot
water because of many
consumers not being at home
[25].

Several scenarios, generated
with use of different domestic
hot water  consumption
profiles, distinct for each
consumer, in accordance with
there being different
occupancy patterns of
consumers as a result of many
people being on vacation,
aimed at including as wide a
range as possible of the urban
heat consumption profiles
involved, and obtained with
consideration of a
simultaneity factor effect for

Figure 2.3. Network layouts: (a) branchedggch pipe segment, were used

16

layout, (b) looped layout, and (chs input to  dynamic
branched layout involving use osimulations that were carried

booster pumps, illustrations take®ut —with —use of the
from the ISI article I1. commercial software Termis.

Department of Civil Engineering — Technical University of Denmark



2. Methods 2.1. Integrated DesighdarEmergy Future

Maximum Design Static Pressure

Dilemma originated when there was an excessive reduction in the pipe dimensions
until the maximum allowable pressure loss in terms of the aforementioned
optimization algorithm occurred. Accordingly, the effect of maximum design static
pressure during the design stage on dimensions of the piping network was
investigated. In what was a comparatsteidy of the optimal solutions found in
connection with various input values fttre maximum static pressure, the values
obtained indicated, as shown in Table 2tZat the maximum allowable pressure
losses occurred at the points of maximal (i) overall costs — consisting of the
investment costs and the levelized O&M costs caused by the heat loss and by the
electricity consumption ca&ed by pumping, (i) exergy losses, and (iii)
environmental impact. A sensitivity analysis was also performed in order to assess the
uncertainty of the economaonsiderations t@n account of in the study [26].

Table2.2 Maximum static pressure values appointed in the design stage of low-
energy district heating network

Maximum Static Pressure Values [bara]
MSP1 MSP2 MSP3 MSP4 MSP5 MSP6
Pus 4 6 8 10 15 25

2.1.2Boosting of the Supply Temperature

After developing the optimization algorithm for dimensioning the pipes to be used in
the case of a new settlement, the second refseprestion aimed then at investigating

the technical possibilities of employing a new low-energy district heating system in an
existing housing area equipped with existing in-house heating systems [14,27], the
details of which were takeuap in ISI article Ill. The aim was to employ the control
philosophy involving a boosting of the suppémperature in the cold winter periods
that represent a very short part of tharyeThe expectation was to make use of the
existing over-dimensions of the radiatqesssumed here to represent the in-house
heating systems employed), in the studie$28], consideration being given to the
fact that energy savingemasures are planned to be utaeen for the existing houses
there in the near-future. The mass flow reguients were derived as being equivalent

to the heat demand for (i) space heating, with consideration being given to the over-
dimensioning of the radiators there, as well as the temperature level of the heat carrier
medium temperature the camsers were supplied withnd (i) domestic hot water,

as assessed on the basis of the thernsgorese of the substation, configured as
shown in Figure 2.4 (a). Various limits to the maximum mass flow values, as given in
Table 2.3, were analyzed in order to evtduhe sensitivity of employing the control
philosophy in question.
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Table 2.3 Various maximum mass flow values, analyzed as representing limits to
the control philosophy investigated

Mass Flow Limits [kg/s]
MFL1 MFL2 MFL3 MFL4 MFL5

Avax  107.7 80.0 50.0 20.0 15.3

Two areas of application for using ethcontrol philosophy in question were
considered;

(i) the one area of application being foe ttransition period of the district from the

use of a current heating infrastructure sasta natural gas grid and a traditional high-
temperature district heating system, to use of a low-energy district heating system,
avoiding the need of having an oveéménsioned network that could possibly be
called for because of the high heat demand levels in the existing houses,

(ii) the other area of application beingrfthe operation of a low-energy district
heating network with the idea of boogfithe supply temperature during the peak
winter period, and the rest of the year Ingva low supply temperature, one of 55°C,
in the case of having low-energy housed a heat source available for producing the
heat carrier medium &tigh temperatures.

Both areas of involved the same expeotathat use of an over-dimensioned piping
network in predominantly lovireating-demand situations off-peak periods can be
prevented by designing a network with the idea of increasing the temperature of the
supply during the peak period. Sensitivity analysis was carried out in order to
evaluate the limitations of applying thertrol philosophy in question, with the aim

of determining, the supply temperatutevel required in the case of various
configurations of the nominal capacity iofhouse radiator heating systems and the
current heat demand of the houses [29)e Tdecision concering variables of the
sensitivity analaysis were determined as current heat demand, original radiator
capacity and former radiator dimensioningstards, all of which were chosen due to
their effects on the mass flow requirement for a low-energy district heating network
designed in an existing settlement.

2.1.3Renewable Energy Supply

The third research question was concernil thie investigation of a decision support
tool for determining the optimal capacities of the renewable energy based energy
conversion systems the low-energy districatireg systems were to be provided with.
Efficiency gains are possible with use of such multi-generation technologies as
cogeneration, trigeneration, and inw@gd multi-input multi-output generation
systems [30,31]. Hence, the investigatioanpled was extended to encompass other
types of energy requirements of the dstinvolved in terms of the supply of
electricity and of cooling. An optimizath method was developed with the aim of
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minimizing the overall lifecycle costs ai group of different energy conversion
technologies, each based on generation fdnwslving use of single-, co-, or tri-
generation technologies, thrdudetermining their capacieand the degree to which

the monthly requirements of each energy type were satisfied. Monthly evaluation was
carried out due to the variation in enedgmands of the housesifig discordant with

the variation in the energy production satef some of the technologies (such as
systems based on solar and on wind eneaagg, due to the long-term energy storage
options that borehole storage systemevjate in connection with heat (supply-
demand) managemenB.detailed analysis of economionsiderations was needed in
order to have a basis for comparing difféiréechnologies, onéaking account of
several different parameters, such ash@ specific investment costs involved with
the economy-of-scale achieved, (ii) the lzex values with respect to the O&M
cost, (iii) as well as the salvage 0gin a lifetime basisdepending upon the
technology involved. Also, the performancé each technology was studied, the
parameters considered including (i) a capacity factor, (ii) energy efficiency, and (jii)
the heat-to-electricity ratio in the casebaing equipped with a cogeneration system
to be employed in the constraint function of the optimization algorithm. Optimal
solutions were assessed later from thadytaint of the exergoeconomic costs, and of
the savings achieved in terms of environmental impact (in comparison to fossil-fuel
based energy conversion technologies).

2.2 Commercial Softwares Utilized

The methods described in the secti@il were of considerable aid in the
developmental work carried out, the obséiores made, and the evaluation of them,
various details of whit are taken up below.

The Optimization Toolbox™ which provided a wide variety of optimization
algorithms usingMATLABE®, was used very much in developing the methods
employed. The nonlinear constrained multivariable models, each formulated
differently when used to find the solutida the different research questions, were
optimized by use of two different solvers, the one being a “fmincon” solver utilized
extensively in connection with the firsihd the second researdestions, details
regarding this being presented in the ISI articles I, Il, and Ill; and in the non-ISI
article I, the other being the “genetic aligom” solver utilized in connection with the
third research question, details regagdinbeing provided in the book chapter I.

The Visual Basic for Applications (VBA}¥oftware together with Excel from
Microsoft® were used in dealing with the largemount of data obtained regarding the
nodes and the pipe segments involvedaindistrict heating network, the codes
employed being programmed to carry owg ttalculations involved in sequence over
the routes and in each of the pipe segta involved, appropti@ functions being
employed to ease the integration of was expressions in the programming code,
such as the simultaneity factor and simple (yet powerful) sub-codes for studying the
relations between the pipe segments and the nodes.
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Termi€’, a hydraulic and thermal simulation program, was used in simulating the
optimal district heating netwks (obtained by use of the methods developed in the
research works)with use of various gemetdaheat-demand scenarios during the peak
winter period (to assess the reliability of the optimal dimensions), and for the summer
period (to assess the drops in temperatutheheat supply carrier medium with use

of different network layouts). Termis, dts state-of-the-art, is based on quasi-
dynamic assumption, which deals withdngulic and thermal analyses by use of
continuity equations in tersnof mass, impulse and energy on the basis of static flow
model.

Maplnfd®, a Geographic Information System (GIS) tool, was utilized for retrieving
the data of the case studies, the spatifrmation involved being provided by the
municipalities in collaboration with the author.

In the PhD work, the following software programs aided the work to a great extent.

XSteam provided the steam and water pedjes based on ¢h International
Association for Propertiesf Water and Steam Induistt Formulation 1997 (IAPWS
IF-97), which was used as an add-on utility in connection with Excel and Matlab.

TeamViewet was used to control the optimization simulations remotely from home,
which enabled me to save a great deal of time in the PhD work as a whole.
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3. Key Results 3.1. Optimal Design of Low-Energy District Bysttmas

“Observations always involve thedry Edwin Hubble

3KEY RESULTS

The results obtained in the research stuckesed out provide answers to the research
guestions posed, which are taken upSaction 1.2, the major results will be
summarized here. A more di¢al account of them can Heund in the ISI articles
referred to in the sub-sections that follow.

3.1 Optimal Design of Low-Energy District Heating Systems

In the ISI articles |, and 1I; and in the non-i&ticle |, four aspects of the design of a
low-energy district heating systemtemded for a new housing development were
presented: (i) development of a pipéndnsioning method, (ii) effects of the
substation type on the pipe dimensions employed, (iii) avoiding excessive drops in
temperature in the network during the sumpeniods, and (iv) the effects on the pipe
dimensions of the maximum design statiessures as foreseen in the design.

The methods developed, as presentedthie aforementioned ISI articles, were
employed in a case study concernittte suburban area of Trekroner in the
municipality of Roskilde in Denmark, in which extensive building construction
involving 165 low-energy houses is plannddhe piping network is to have a total
length of about 1.2 km in the layouts of the branched type, eight routes and 1.4 km in
the layout being of the looped type, thadths referred to excluding the end-user
connections. Each in-house substation, Be@pby the low-energy district heating
system there, was assumed to have a urpga& heat demand of 2.9 kW in terms of
space heating demand, and a unique heatmttwia32 kW, and of 3 kW in terms of
heat demand in connection with domestic lwater production, respectively, in cases
in which a substation is equipped with oaly (instantaneous) heat exchanger or with
a 120 liter storage tank installed before the heat exchanger.

Table 3.1 shows the pipe dimensions aistained by use of three different
dimensioning methods, the geare drop values over each of eight different routes
and the heat loss values being given ibl&&.2 (the substation type involves use of a
storage tank).

A further investigation was carried outgerding the effects of various maximum
design static pressure levels on the pipe dimensions called for. Each of the maximum
static pressure levels wdaken as a limit for the tmization method in question,

their results for each being given for the overall length of the pipes for each of the
pipe diameters involved, equippes indicated in Table 3.3.
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Table 3.1 The overall pipe lengths as obtained for the different pipe diameters for each
of three different dimensioning methods

Pipe Length [m]

Pipe Type Nominal _ X _
Diameter Pressure GradientPressure Gradient Optimization
Critical Route Multi Route
AluFlex Twin Pipe 14/14 - - 141.9
AluFlex Twin Pipe 16/16 - - 22.8
AluFlex Twin Pipe 20/20 - 163.4 181.8
AluFlex Twin Pipe 26/26 369.5 206.1 263.6
AluFlex Twin Pipe 32/32 343.1 343.1 -
Steel Twin Pipe 32/32 2147 250.4 471.4
Steel Twin Pipe 40/40 154.2 118.5 -
Steel Twin Pipe 50/50 66 66 -
Steel Twin Pipe 65/65 - - 66

Steel Twin Pipe 80/80 - - -

Table 3.2 Pressure drop values, as obtained over the routes involved on the basis of each
of three different dimensioning methods and overall heat loss values
Pressure drop through the routes [bar] and overall heat loss [kW]

Routes
Pressure Gradient  Pressure Gradient ~ Optimization
Critical Route Multi Route

Route 1 1.91 2.26 6.56
Route 2 2.60 3.24 7.05
Route 3 3.17 3.82 7.64
Route 4 3.66 4.29 5.51
Route 5 1.98 2.32 6.53
Route 6 2.50 2.85 7.64
Route 7 3.15 3.48 6.40
Route 8 3.87 3.87 7.73
4 oss 6.6 6.4 5.6

Table 3.3 The overall pipe length as obtained for the pipe diameters listed, for each of six
"~ maximum static pressure values

Pipe Type Nominal Pipe Length [m]

Diameter  "Msp1 MSP2 MSP3 MSP4 MSP5 MSP6
AluFlex Twin Pipe 14/14 - - - 1419 - -
AluFlex Twin Pipe 16/16 - - - 22.8 - -
AluFlex Twin Pipe 20/20 - 94.7 1629 181.8 - -
AluFlex Twin Pipe 26/26 2314 349.2 3434 263.6 - -
AluFlex Twin Pipe 32/32 296.9 2351 206.3 - - -
Steel Twin Pipe 20/20 - - - - 4185 5074
Steel Twin Pipe 25/25 - - - - 3779 5741
Steel Twin Pipe 32/32 184.3 2109 2504 4714 2851 66
Steel Twin Pipe 40/40 177.3 1441 1185 - 66 -
Steel Twin Pipe 50/50 191.6 47.5 66 - - -
Steel Twin Pipe 65/65 66 66 66 - -
Steel Twin Pipe 80/80 - - - - - -
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3. Key Results 3.1. Optimal Design of Low-Energy District Bysttmas

Figure 3.1 shows the exergy values of ahmuanp power and of annual heat loss for
the Gladsaxe district heating networikis diameters being obtained by the
optimization method (its desctipn given in ISI Article I)with various levels of
maximum static pressurevigls. The details are presented in non-ISI Article .

Figure 3.1. Exergy values as obtained for thanual pump electricity consumption
and for the overall heat loss from the DH network

The effects of each of two different stditon types and ofthe additional booster
pumps installed in the district heating netk on the pipe dimensions involved were
examined with use of a dimensioning ls®& optimization, the results together with
the heat loss values obtained in being shown in Table 3.4.

Table 3.4 The overall length as obtained for different pipe diameters, for each of
three different configurations of substation types, together with a
booster pump employed.

Pipe Type Nominal Pipe Length [m] and Overall Heat Loss [kW]
Diameter  Substation Substation Substation
(Storage Tank) (Heat Exchanger) (Heat Exchanger)
& Booster Pump

AluFlex Twin Pipe 14/14 141.9 - -
AluFlex Twin Pipe 16/16 22.8 - -
AluFlex Twin Pipe  20/20 181.8 70.7 163.8
AluFlex Twin Pipe  26/26 263.6 92.4 156.2
AluFlex Twin Pipe  32/32 - 108.8 46.4
Steel Twin Pipe 32/32 471.4 762.1 667.6
Steel Twin Pipe 40/40 - - -
Steel Twin Pipe 50/50 - - 47.5
Steel Twin Pipe 65/65 66 113.5 66
Steel Twin Pipe 80/80 - - -
4 oss 5.6 6.1 6.0

" The order of the last two columns was given wrongly in the ISI article I, the correct order given here.

Drops in temperature were also evaluateteims of the network layout involved, the
one being a branched network and the othiroped layout, the loops being obtained
by linking the end nodes of the branched network, as shown in Figure 2.4 — (b).
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Table 3.5 shows the results of the dynamialgsis conducted, for a time period of 8
h, the heat demand profiles of consumbesng generated on the basis of their
presence ratio in 75%, 50%, and 25%.

Table 3.5 Average values and standard deviations for different parameters, as
obtained on the basis of observations made for each of two network

layouts.
Parameters Presence Network Layouts
Ratio Branched Network Looped Network
Ratio of Heat Loss to Heat Supply [-] 25% 7.9% + 0.03% 8.8% + 0.21%
50% 4.5% + 0.01% 5.2% % 0.03%
75% 3.1% = 0.02% 3.6% % 0.03%
Return Temperature at Heat Source [°C] 25% 28 + 0.48 25+ 0.00
50% 26+ 0.14 25+ 0.00
75% 25+ 0.03 25+ 0.00
Degree-Minutes [*C-min] 25% 995 + 435 20016 + 11300
50% 501 + 144 2966 + 1192
75% 376 £ 101 987 £+ 298

3.2 Control Philosophy of Boosting the Supply Temperature

The ISI article 1l presents a design tmed based on a control philosophy involving

an increase in (a boosting of) the supply terapure during the peak winter periods in

the case of low-energy district heating systems considered for use in connection with
existing settlements. The method devetbpeethod was employed in a case study
concerning an already existing housing distin the municipality of Gladsaxe in
Denmark. At present, the district has aatig infrastructure involving use of a
natural gas grid supplying the 783 houses there. In the case study regarding it, each
flat's demand for space heating was asslteebe 5.1 kW for the current situation

and 2.9 kW for the future situation. The noal capacity of the radiator systems
currently used was assumed to be 9 kWefach house. The heat demand for domestic
hot water production was consigd to be 3 kW (in connection with use of a 120 litre
storage tank) for the current and the future situation since the existing natural gas grid
is assumed to have been replaced by a low-energy district heating system from the
start of the period the study concernd@ble 3.6 shows the levels of the supply
temperature and the maximum mass flow load required for the district in question in
two different cases, the one without useha control philosophy and the other with

use of it, the maximum limit employed with use of the control philosophy being 15.5
kg/s. The return temperatures are also given in the table, the values for them being
dependent upon the performance of the in-Bowaliators, in accordance with the
supply temperature and with the nraxm mass flow requirements involved.

24 Department of Civil Engineering — Technical University of Denmark



3. Key Results 3.3. OptemaifReiEnergy Supply

Table 3.6 Supply temperatures, the associategturn temperatures, and the
maximum flow loads observed, as obtained both for current and for
future situations

WITHOUT CONTROL PHILOSOPHY WITH CONTROL PHILOSOPHY

Ts[°C]  Tg[°C] Aoy [kgls] Ts[°C]  Ter[°C]  Avulkgls]
55 46.0 103.3 95 29.3 15.4
5 55 39.3 53.4 87 26.1 15.5
i 55 32.1 31.3 77 23.1 15.5
® 55 24.6 19.3 63 22.8 15.5
= 55 21.4 14.5 55 21.4 14.5
S 55 19.6 8.6 55 19.6 8.6
© 55 185 9.6 55 18.5 9.6
55 18.0 7.7 55 18.0 7.7
55 26.0 20.8 65 22.5 15.5
s 55 23.8 18.4 62 22.2 15.5
'c‘g 55 21.6 15.5 55 21.6 15.5
= 55 19.7 12.6 55 19.7 12.6
e 55 18.7 10.6 55 18.7 10.6
5 55 18.5 9.7 55 18.5 9.7
55 18.1 8.2 55 18.1 8.2
55 17.9 7.3 55 17.9 7.3

The overall lengths of the pipes and thiéameters are given in Table 3.7, their being
obtained by optimizing the district heagimetwork under the limits of six different
maximum flow rate values (Table 2.3). Tlmnual heat losses from the district
heating network are shown in Table 3.8.

Table 3.7 The overall length of the pipes as abed for different pipe diameters
" considered and for each of five mass flow limits
Pipe Length [m]

Pipe Type Nominal Diameter
MFL1 MFL2 MFL3 MFL4 MFL5
AluFlex Twin Pipe 14/14 - - - 128 128
AluFlex Twin Pipe 16/16 - - - 410 530
AluFlex Twin Pipe 20/20 - 128 411 939 1049
AluFlex Twin Pipe 26/26 214 410 487 727 1753
AluFlex Twin Pipe 32/32 684 1169 1306 2188 1368
Steel Twin Pipe 32/32 809 210 1256 436 2248
Steel Twin Pipe 40/40 1385 1543 932 3301 1053
Steel Twin Pipe 50/50 1300 1368 2684 417 541
Steel Twin Pipe 65/65 919 2248 1053 419 295
Steel Twin Pipe 80/80 2818 1470 541 - 120
Steel Single Pipe 100 417 124 295 320 200
Steel Single Pipe 125 419 295 - - -
Steel Single Pipe 150 320 320 320 - -
Table 3.8 The annual heat loss values as obtained for the current and for future
situations
Situations Annual Heat Losses [MWh]

MFL1 MFL2 MFL3 MFL4 MFL5
Current Situation 44.7 30.8 17.1 55 4.0
Future Situation 43.8 30.1 16.6 5.3 3.8
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Figure 3.2 shows the sensitivity measures of the supply temperature as function of
nominal capacities and the current heat demands of the in-house radiators and Figure
3.3 shows the required mass floates and the levels dbosted supply temperature

for the Gladsaxe DH network both for current and future scenarios..

Figure 3.2. Sensitivity analysis of the supply temperature

Figure 3.3. Required mass flow rates, as taken from ISI Article 11l
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3.3 Optimal Renewable Energy Supply

The book chapter | presents the optimimatimethod that waseveloped, which
minimizes the nominal capacities of the renewable-energy-based energy conversion
systems to satisfy the monthly energy reguients for electricity, heat, and cooling,
each considered using of a distribution network, respectively, as electricity grid, as a
low-energy district heating network, anddistrict cooling network. The method was
employed in two case studies, the one for the Greater Copenhagen Area (GCA), and
the other for the Greater Toronto Area (GTWjth their distinctive annual variations

in their energy requirements, as shown in Table 3.9.

Table 3.9 Monthly residential energy requiremis for the case of GCA and of
GTA, as taken from book chapter |

Monthly Energy Requirement Values [GWh]
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Heat 1392 1308 1274 771 536 386 352 268 402 754 1107 1358

é Electricity 850 767 787 661 680 636 630 685 689 726 751 786
Cooling 0.77 072 080 099 099 127 165 165 110 0.69 0.69 0.69
Heat 3652 3369 1872 1419 961 869 861 883 861 2158 3072 3502

E Electricity 553 502 502 470 486 482 573 541 478 478 474 514

Cooling 214 199 222 275 343 252 458 281 306 191 191 191

The optimal solutions are given in Figure 3.4, Figure 3.5, and Figure 3.6, for the
annual production of the energy forms ofdatic energy, heating, and cooling,
respectively.

The emission impacts of four different titgohal fossil fuel-based energy conversion
technologies are shown in Table 3.10 in which each of the observed data is given as
emission saving for comparison to the casgth supply of renewable-energy based
energy conversion technologies, details given in book chapter II.

Table 3.10 Emission impacts of four differetraditional fossil fuel-based energy
conversion technologies, as taken from book chapter I

Emissions (C@) [M tons]

*

Technologies GCA GTA
Coal-based back-pressure steam turbine %88 703 1,118
Coal-based extraction-condensing steam turbine %70 883 1,406
Natural gas-based gas turbine %80 420 668
Propane-based reciprocating engine %80 499 794

* Thermal efficiency of the power plant technologies indicated as assumed for the research work presented in the boakdHapter |
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Figure 3.4. The monthly electricity production the case of GCA [Book Chapter ]
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Figure 3.6. The monthly cooling production indltase of GCA [Book Chapter 1]

The optimal solutions are given in Figure 3.7, Figure 3.8, and Figure 3.9 for the

annual production of the energy forms electyidneating, and cooling, respectively.
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“In life, the truest guide is scierice Mustafa Kemal Atatiirk

4DISCUSSION

The present PhD thesis documents various aspects of the design of low-energy district
heating systems operating at very low temperatures, those of 55°C for supply and
25°C for return, the research questions ofomanterest concerning (i) the design of
district heating networks for new settlements, (ii) the design of district heating
networks for already existing communities, and (iii) renewable energy sources that
can be used supplying heat to low-gyedistrict heating systems. The methods
developed, each designed for the detailedyaisabf several dimensions of relevance
here, such as energy performance measures and measures stemming from lifecycle
cost analyses, represent the main topics of the thesis. Since start of the doctoral
research work reported on here, the atshaim has been to develop methods of a
type applicable to conditions such as th@scountered in the planning of district
heating systems in Denmark. The majorestaations made and results obtained, and
how they can be interpreted will be briefly discussed here.

ThelSl articles I, andll and; thenon-ISI article | document the results that apply to
the first research question considered igard to the designing of district heating
networks for new housing areas.

The heat requirement of a consumer camie¢ as soon as the substation equipped in
the consumer site is provided with adeguievels of supply temperature and of
pressure difference between the supply and the return line. In the project work for the
first research question the focus mostly given to the pressure considerations in a
district heating network due to its beidgterminative design criteria as most among
the others. Any district heating netwoilgth in the formation of layout as branched
(tree-like) or as looped, is, in fact, a clogggding loop due to circulating of its heat
carrier medium in the order as a heat exchanger in a heat production plant, a supply
network line, a consumer installation (stai®n), a return network line, and again,
(back to the first order) the heat productigant. Each consumer follows this order
with division of each to other by anothgipe branch, hence all of the consumers are

in the formation of being parallel to each other. In detail, setting aside of a district
heating network, it can be interpreted paralel piping lines (each involving a
consumer) one within the other (with focusegi to the layout of branched network).

For any piping network (independent of lieing a district heating network), when
considering parallel piping systems, the pressure loss is equal in each of the parallel
piping lines. The critical routef a district heating network is always parallel to the
other routes of the district heating network. The critical route always holds a pressure
difference as the highest when consideringveen the supply and the return line near

the location of the heat production plant. Aating to the principle of “equal pressure
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loss in each of the parallel piping lines”ethoutes rather than the critical one holds
the pressure head which is determined by the critical route.

One of the most central research findings concerned the importance of exploiting the
head lift provided by the pump station amich as possible (that is due to the
aforementioned description of the search idea regarding pressure loss
considerations) throughout the various routea district heating network, within the
framework of the limits imposed by the maximum static pressure permitted. The
optimization method based on this research W@ found to result in greater savings

of energy than those that conventibng@ipe dimensioning methods based on
consideration of the maximum pressuradient along the critical route provided.

Results concerning the effects of the maximum static pressure on the optimal pipe
diameters (reported in detail mon-ISI article 1) showed that large energy savings
can be achieved with use of pipes of the AduRype for districts in which variations

in elevation permit the use of low levels of maximum static pressure (of 10 bar as
obtained by this research work). Exergetic assessment was in need for comparing
different energy types, as typical for district heating systems, the heat loss from the
network and the consumption of electricity the pump station. The exergetic values

of the heat loss from the district heatingtwork was found to be of greater weight
than the consumption of electricity by the pump for each level of maximum static
pressures (as its value being defined as between the limits of 4 bar and 25 bar) (Figure
7). However, another focus was directed to how the heat loss and pump power
consumption being obtained fearious levels of the maximum static pressure. The
increase in the pump power requirement was observed to be significantly lower than
the overall heat loss value with the increasing maximum static pressure below the
maximum static pressure level of 10 bar. However, in high levels of the allowable
pressure loss as defined 23 bar, a sigaift reduction of pipe dimensions were
obtained, as can be seen in Table 3.3. AnafiErussion can be directed to the cost
components. One major outcome of thise@rch work was obtained regarding the
cost components of the district heating ratwv That is obvious to indicate that the
highest impact being the pipe investment c@ste can note the correlation of the pipe
investment cost with the heat loss frone thistrict heating network since both are
dependent on the pipe dimensions. Hence, the objective function of the optimization
algorithm can be formulated as a functioither, of the heat loss from the district
heating network or of the oxedl pipe investment cost. It should be kept in mind that
the sensitivity of the optimization results may differ according to the selected
formulation (either pipe investment cost heat loss from the district heating
network).

Results of the investigatiom®ncerned with the types of substations employed (taken
up in detail inISI article Il ) show the heat load valueshave a strong effect on the
diameters that are optimal for the different pipe segments, when the optimization
methods in question are applied to the meks for each substation type. Employing a
storage tank in a substation reduces the load on the network appreciably, permitting a
marked reduction in the pipe diameters iveal. Other results of relevance here are
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that the preponderance of the end branchesgipe segments close to the end-users)
as opposed to the main transmission pipe segen(close to the heat source). It is
obvious to indicate that the large amounthef end branches significantly contributes

to the overall heat loss from the network mibr@n the other branches of the network

in the other sections. This occurs because of less amount of consumers being
connected to the end branches and, amaexjuence, lower reduction in the heat load
by the simultaneity factor (since it is a function of consumer numbers) than the main
transmission pipe segments having laageount of consumer load. Also, one should
note that excessive reduction of the heatloan be achieved by reducing the heat
demand of the consumers, i.e. by meansqefipping a storage tank in the substation
and/or by means of improving the heat insulation of the consumer site together with
savings in the domestic hot water consumption. .

It is rewarding to point out the discussiof the method described in ISI paper Il.
Another concept in designing low-energy district heating networks was involved in
the research work with use of booster jgnin the network. Besides the head lift
provided by the main pump station in thetwork, additional boosif head lift can be
provided by a booster pump which, as itsgmse of use (considered in this research
work), is to be located in the mid-sections of a district heating network (i.e. between
the main pump station and the end-usersjhimresearch work, the concept of using
booster pump was considered in the destgge of district heating network to reduce
the pipe dimensions further than thelueed dimensions achieved by use of the
optimization method (described in ISI paperlt)is rewarding to remind the reader
that the dimensioning of the pipe segments (by use of the optimization method in
question) of a network was defined apeledent upon the head lift provided (by the
main pump station), its maximum limit being determined as below the maximum
static pressure. The concept of the baoptemp was considered with the idea of
splitting the head lift on the route into two different parts. Additional booster pumps
are equipped in the locations where the higagrovided by the main pump station
reaches to its minimum level (below, thésea risk of cavitation). Hence, installing
booster pumps there in the network providasncrease in head lift. The splitting of
the network (with respect to the head liftjerefore, provides short sequences of pipe
segments (such as (i) on sequences ¢ gegments extending from the heat source
to the booster pumps and (ii) from each boaggtenp to the leaf node of each route in
guestion) that is in connection with thptimization method. Hence, with this concept
(of utilizing booster pumps in the mid-sewts of the network), the optimization
algorithm makes use of the head lifts splitted by use of the booster pumps as the
constraints. The additional head lift potehtigas utilized as excess space to be used
in the constraints of the optimization. As result further reduction of the pipe
diameters were obtained more than the reduction achieved by the optimization itself.

Nevertheless, use of what in the case study carried out were found to be optimal pipe
dimensions was not shown to increase the energy savings achieved as compared with
the case of the substations being withgiotage tanks and the network being without
booster pumps. Rather, installing booster pumpgbke network can be considered to
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be best for districts that hea large differences in elevation and/or that require large-
scale networks having egssively long routes.

The dynamic simulations carried out to assess the drops in temperature drops in the
various network layouts andeltonsequent heat lossfiche network indicated the

heat demand profiles of the consumersawve strong effects on the operation of the
network. The presence of fewer consumefaca$ operations of the DH system by its
increasing the variance obtained througé tiverall dynamic responses to differing
scenarios caused by differences in dmhand profiles being me pronounced than
when a greater number of consumessiavolved. The results presented$h article

Il indicated use of a looped layout to result in longer waiting times than use of a
branched layout equipped with bypass eahat the end-nodes of the network does.
On the basis of observations made in @mion with a degree-minutes evaluation,
use of a looped layout results in largeogh in the temperature of the heat carrier
medium than when a branched layout formation is employed, since the heat loss
produced is greater.

ISI article 1l documents observations made peitad to the second research
guestion concerning the designing of didtfeating networks for existing housing
areas. Details of the method obtained is relimg to be described here in order to
show the superiority of the research etyations. The existing in-house radiator
systems in existing settments was found tonsite over-dimensions. This is because

of the lower temperature differences as apfgal in the design stage of the existing
in-house radiator systems. Hence, insthesearch work, an operational control
philosophy was considered with boosting of the supply temperature in the peak cold
winter periods. The aim, here, was givéo decrease the overall mass flow
requirements of the low-energy distrigdting network, considering the performance

of existing in-house radiator systems. lpra-investigation of this research work, a
dynamic analysis was carried out for ansérg house with a certain level of heat
demand with a radiator system having a certain capacity, (here the term certain being
given to indicate no change during the dyma analysis). As a result of this pre-
investigation with the dynamic analysis, the mass flow requirement of the radiator
system was obtained to be reduced withitiseeasing supply temperature. This is due

to the difference between the nominal capaocf the radiators and the brought on
heat demands of the house present at the time (reduced due to the improved insulation
equipped there). The outcome of the preestigation formed the basis behind the use

of the control philosophy of boosting supply temperature in the peak cold winter
periods. The challenging point here cantbe increase in the heat loss from the
network that can be expected when thppty temperature level increases. However,

the fact is that the cold periods last relatively short in durations as compared with the
rest of the year period. Hence, the optimal pipe diameters, as obtained with use of the
operational control philosophy of boostingethupply temperature, resulted in lesser
heat loss from the network than the optimglepdiameters without considering of the
control philosophy.
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Figure 9 shows the superiority of the control philosophy with boosting of supply
temperature levels in the peak cold winter periods. With the control philosophy the
supply temperature was observed with variaygper levels (each level varies in
different periods) than the low-temperature5éf °C for short durations. Hence, an
excessive reduction of theverall mass flow requiremenvas obtained, which is
obvious to be rewarding in egssive reduction of the pigitmensions of the district
heating network in the design stage. This has to be interpreted as designing a future
district heating network with for an existing settlement despite high heat demand of
existing buildings. More in detail, the uroessarily over-requirement of mass flow
(when considering non-boosting of supplynfgerature case) can be leaped by
increment of supply temperature levelstlie transition period of replacement of an
existing heating infrastructure with low-energy district heating system. Also, the
control philosophy can still be utilized for saving any excessive mass flow
requirements in the future op&mn of the low-energy district heating systems when
the existing buildings will be renovated to low-energy-class.

The book chapter | and Il document observations made pertaining to the third
research question concerning the desigihg decision support tool for determining

the optimal capacities of different energy conversion systems based on use of regional
sources that are renewable. It was found that different aspects of assessing what
solutions are optimal can influence decision making here. In comparison to the other
similar research studies, the optimizatimethod presented in the book chapters are
superior due to detailedomsiderations, being takeinto account in the economy
calculations of the energy conversion ptanBesides the deficient considerations
taken in the optimization methods of theher similar research studies, the
considerations (all of whit are essential together) were involved for each of the
energy conversion system (plant). The listtoé considerations are given here: (A)
For each of the plants (i) the economy-of-sc@f the investment cost) as a function

of the nominal capacity, (ii) the maximum capacity limit, (iii) the life time, (iv) the
salvage cost in a period which was considered as the period for comparing all of the
plants with various life times, and (v) capacity factor; and (B) For the district (i)
various energy requirements (heating, domdsticwater, cooling, electricity as most
essential necessasities) of most distriate] (ii) multi-generating energy conversion
systems due to their superiefficiencies. Also, It wasoted that the overproduction

of heat that can readily occur during the summer due to the reduction in the heat
requirements then and the ready availability of solar heat and of waste heat from
supermarket cooling systems can be eitgdoby use of borehole storage systems.

Several optimal solutions were obtained with different capacity and with different
overall lifecycle costs in both of the castdies. Some of the optimal solutions
employed here had to be eliminated in accordance with various considerations, such
as the variation of the energy sources (that is to satisfy the sustainability),
overproduction, and the security of supply {@fhcan be interpreted as shortcomings

of the optimization method of this research work, to be considered in further studies).
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Another major discussion point can bevegi to the domination of the energy
conversion systems as obtained with thénoigation. When considering the exergetic
costs, the borehole thermal storage systems, the direct utilization of geothermal
sources, and the free-cooling technolsgiemployed resulted in a significant
reduction in exergetic costs (being dominant in the point of nominal capacity) in all
optimization solutions obtained. This is due to the very low specific costs assigned to
the energy conversion systems in question.
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“Whoever follows a path to seek knowledge,

Allah (The Creator,6 X E E — Q D K X ) vill §aBe $h@ipath to Paradise

Prophet Muhammed
(Peace&Blessings Upon Him)

SCONCLUSIONS

The prevailing use of low-energy district haegtsystems can be seen as being able to
provide a win-win-solution to energy neethrough locally available and renewable

or low-grade energy sources being used to supply the energy for low-energy houses.
Thus far, district heating systems getigrdnave proved to be energy-efficient,
environmentally friendly andonvenient from the standpoint of consumers. From the
municipal standpoint, the disttiheating systems have alsmved to be superior due

to its being sustainable, high secureeimergy supply, local-energy-source-friendly,
efficient in supply management and efficient in pollution control. The preliminary
focus, as given in most, to sustainability, can easily be ensured with renewable energy
sources that can be found locally suek geothermal energy, solar energy,
hydroelectricity, wind energy, wave powgeothermal energy, bioenergy, biomass,
waste fuel (from residuals of renewaldensumptions), tidal power etc. Although
most renewable sources are to produce é@gtsolely, the produced electricity can

be used by heat pumps to produce hegply for district heting systems. One should

note that the supply temperature of theudating heat carrier medium can be boosted
with any type of heat source and/or anpeyof heat production plant. In terms of
security of supply, district heating sgats can be called as best among the other
municipal-wide heating energy systems. Viagtious renewable energy sources with
their ease to produce hot water with saVeavailable technologies guarantee the
security of supply when a mixture of hgabduction from several energy sources is
considered. Another leading feature of district heating systems can be directed to ease
of connecting any local energy sources (that can be referred as being local-energy-
source-friendly). Also, exploiting of the muipal solid waste as waste fuel in the
incineration plants can be referred @m-win-solution, providing benefit both as
depleting the municipal waste and as praiduncof heat. When considered with local
biomass sources, cogeneration plants capn plrovide improvements in efficiency
through their use of waste heat produced dutire plant cycle. It is obvious is that
most of the citizens are uneducated in heating appliances when considering the
individual heating systems. Use of distriwating systems ease management of heat
supply, which eliminates the defficienciesuser-oriented individual heat production

by the uneducated citizens. The management become superior with purchasement of
economic fuel or of utilizing economic hgatoduction plant, with supplying heat in
accordance with the weather conditiongid awith improved efficiency in heat
production.
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In the case of exploiting fossil-fuel energy sources, district heating systems can still
be known as exclusive when comparednidividual heating systems. This is because
of the ease of controlling the pollutiontime centralized heat production plants.

What applies to district heating systems generally applies still more to low-energy
district heating systems. It is because of the ability of low-energy operation which
provide the low temperature operation with wsevirtually any type of heat source,
including waste heat sources that woultherwise be unavailable. Besides, low-
energy district heating systems provide improved energy efficiency, decreased
environmental impact and better indoor thelrmamfort than any traditional district
heating systems.

The design methods were developed in tlesithwork as response to various research
questions. Employing of the methods in differease studies, and analysis of their
results led to various conclusions regardiogy to design low-energy district heating
systems. All of the conclusions togethdated to the hypothesis that was investigated

in this PhD thesis. It was concluded that concerns regarding the environmental impact
of the production and consumption of theeyy needed can be coped with through

the use of low-energy district heating systems which can serve as a bridge between
the use of renewable sources available regionally and the low-energy houses. It is
indicated in the conclusion of all publicatioretating as “a district heating system
should always be designed in accordandgi what works best within the district
itself”. It should be noted that the main agfthe research works carried out here has
been to develop the design method in question, without assuming to provide the best
solution for the cases considered. It has seemed reasonable to aim at this, since each
district heating network needs to be designed in accordance with the geographical and
climatic conditions that apply to the distrin question. Thus, the methods proposed
would need to be redesigned somewhainfrtase to case as new districts are dealt
with. However, the obtained results can still be interpreted in the conclusion of this
PhD thesis as the rewarding superiority of low-energy district heating systems.

A number of general conclusions not yaken up can be drawn with respect to the
first research question of this PhD thesis. One can note that the heat load from the
consumer site has the dominant effect ongipe dimensions in the design stage of
district heating systems (regardless of dperational level of temperature). The heat
load has to be considered with two padise being, as obvious, the heat demands of
consumers and the simultaneity of the heéamands for the pipe segments having
supply to multiple consumers. Anotherfest on the pipe dimensions can be
considered by the operational control pbdphy. In regard to the network-site of
district heating system, one of the importeetommendations arrived at in the thesis
work is that of employing suitable storaigeks in the substations of the houses. The
reason is due to the reducing effect on thatldemand of the consumer-site with the
equipped storage tank and thus of thpepdimensions. The storage tank has a
significant effect on reducing the heat demand of domestic hot water, which is more
than the heat demand of space heating. However, small houses can be provided with
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substations equipped only with a heatlenger for domestic hot water production
because of the limited space available in them.

One of the major promoting conclusion is given of using simultaneity factors in
determination of the heat load in each pgagment. It is because making adequate
use of simultaneity measures was obtdinte be important for their preventing
overestimates of the heat load due to the admittedly rather infrequent occurrence of
concurrent heat consumption when mudigonsumers are involved. Obtaining the
most accurate estimates of the heat lpaskible — neither over nor underestimated —
for all parts of a district heating netvk can help providing improvements in the
energy efficiency.

After determination of the heat load on thipe segments, as indicated — neither over
nor underestimated —,the optimizatialyorithm (the one given itSl article 1) can

be utilized to lead to further savings in construction cost of the network-site due to
reduced diameters of the pipe segments. The optimization algorithm in question was
based on taking into consideration parécly of each pipe segment which was
considered with reducing effect (on heat load) by simultaneity factor that is
determined as a function of the numbefr consumers connected (to that pipe
segment). This allowed making it possilife reduce each pipe diameter in the
network to the smallest size possible, in accordance with the unique heat load on each
of the pipes (thus unique mass flow re@quient there). The unique mass flow
obtained (with use of optimization algorithm) on each pipe segment was discovered to
has its upper limit with the pressure lostigh each route. THaniting effect of the
pressure loss through each route was defined as reaching its highest point just below
the head lift of the main pump in the optimization algorithm. Considering the equal
pressure drops occuring inrplel pipes, once the pressure loss of the critical route is
satisfied by the head lift provided by the main pump station, the pressure losses of the
other routes can be up to the level of thespuee loss of the critical route. In sum, the
optimization algorithm was baden reducing the diameter of pipe segments each of
which was considered with reduced heat loalving of simultaneity factor effect,

the reduction of the diameters having the upper limit of pressure losses through the
routes of the district heating network.

AluFlex twin pipes, which involve of suppland return pipes symmetrically in one
outer casing, have the capacity of providang unsurpassed degree of energy saving.
The benefits in use of AluFlex twin pipes can also be listed with (i) its flexibility in
installation (thus reduced installation times), (ii) a layer of aluminium foil as a
diffusion barrier between the outer cagiand the insulation material —providing
unchanging insulation property —, and (iii) reduced pressure drop due to low Darcy
friction factor and abstention of anglednis. In the districts where high levels of
hydrostatic static pressure etxdue to variations in eletian, use of AluFlex is still
possible by installing booster pumps ire thetwork. In addition to the reduction
benefits achieved on pipe diameters with the optimization algorithm itself
(aforementioned), further reduction was abed to be possible by use of booster
pumps. Booster pumps can be useful bgvigling shorter sequences of head lift
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potential to be considered as the upper liimitthe routes of the network with the
optimization method. Anotheconclusion point can be directed to low-demand
situations which occur in summer months.dleriterias were investigated for these
situations, one being isfaction of the consumers inrtes of supply temperature if it
degrades to below a certain base tempegaevel of 50 °C and the other being the
energy efficiency of district network (&itime energy efficiency is dependent of
stagnation of the heat carimedium due to low-energy demand by consumers). It
should be noticed that the conceptual giesbf a network (such as equipment of
bypass valves, designing ofetwork in looped layout etc.) may result as either
satisfactory or unsatisfactory according ttee design conditions of the district.
However, one outcome of this PhD thegtise conclusion may change for other
networks, its reason given just before) Hgiits that bypass valves in the end-nodes
of a branched network may be bestsiparsely-populated districts while a looped
layout is best in densely-populated-districts.

A number of general conclusions not yetel up can be drawn with respect to the
second research question of this PhBsth. An auxiliary reduction in the pipe
dimensions employed can also be achieved by utilizing the operational control
philosophy as a basis for boosting the sygpmperature during peak periods, for
those districts in which local renewable energy sources can provide temperatures
higher than 55°C. Use of this approach cardigsidered as applicable in two cases in
particular, (i) the one being during the transition period of the heat infrastructure
schemes involved, where a replacemenrthefexisting region-wide heating systems
present by low-energy district heating €yst is planned, and (ii) the other being to
use it as the operational strategy of choice for low-energy district heating systems.
Considering the future conditions of astiict with decreasing heat demand of
consumers (due to low-energy class adaptation there), the control philosophy of
boosting the supply temperature in shostileg peak periods in the design stage
avoids pipe dimensions that can béird as over-dimensioned with regard to the
future condition. Hence, the districheating network, be@ dimensioned in
accordance with the low-future heat demands, can be sufficient in meeting the current
high heat demands with increased sypfgmperatures. One can note that the
significantly reduced mass flow requiremer{tvhich refers fundamentally to heat
load however is a must-design-criteria —t@a&l of head load — due to the varying
supply and return temperatures) can be achieved with the control philosophy of
boosting the supply temperature. Any concabout the risk of high heat loss from

the network due to the high supply tempermtcan be inessential. It is because of (i)
short duration of peak winter conditionada(ii) savings in heat loss due to the
reduced pipe dimensions (that is achiebgdthe boosted supply temperature) being
larger than the deficiency in heat Idsg the increment of the supply temperature.
Municipal energy planning, hence, canibeolved with this control philosophy for
existing settlements which (i) are in focus to be replaced from their current heating
infrastuctures (their service life being soon over) with low-energy district heating
systems and/or (ii) are planned to haemovation on the existing buildings, their
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energy efficiency being in low level, tgoper low-energy class buildings. The control
philosophy can be utilized (i) greatly (in hitgvels of boosting for long durations) in
the transition period of replacing the current heating infrastructure to low-energy
district heating system and (ii), afténe replacement (and the renovation of the
existing buildings there), with low levels of boosting with short durations. Some
significant benefits can be given as (i) reduced pipe diameters by lowered mass flow
requirement with boosting of supply temaemre applied, (i) energy improvements
due to reduced pipe diameters, and @ise of boosting the supply temperature for
any extreme cases with unexpected owealp winter conditions in the future
operation (when the low-energy distriz¢ating systems supplies to renovated low-
energy class buildings).

A number of general conclusions not ydteia up can be drawn with respect to the
third research question of this PhD thesis. Having low-energy district heating systems
that cover an urban area completely can call for concern in focus with searching for
the least-costly energy conversion syst@mergy production plant and/or energy
supply) that is locally available. Hencegienal energy planning can be the solution

for integrating local renewable sources to low-energy district heating systems. Several
different performance measures can be relet@evaluating the best locally available

heat sources here. Each energy congarsiystem’s being unique in its technology
results in the need of having a reasoaadonomic evaluation method that is suitable

for comparing all alternatives. Lifecycle cost analysis, if it is used, should be well-
defined, special attention being directat clearly defining of various economic
parameters for each of the energy conversion systems. The economic parameters, in
this research work of the PhD thesis took account of the specific investment costs
considered, together with the econoofyscale, the lifetime, operating and
maintenance cost, and salvage value. The improvements in efficiency with use of
multi-generation systems brought the neddncluding other energy forms in the
analysis, such as those of electricity and of cooling, which are most commonly
mentioned next to heat energy, although taey outside the scope of the thesis. The
integrated consideration of various energguirements is thus suggested, due to (i)
hybrid systems being particularly commortle energy supply infrastructure and (ii)

the improved efficiency of multi-generation which if not considered in energy
planning tools may cause unrealistic fesu(for the design capacities to be
determined for a mixture of energy cemsion systems — e.g. involving of hybrid
photovoltaic/thermal cells is neccessary whensidering solar energy source besides
solely consideration of photoltaic and/or solar collests). The long-term energy
storage systems that borehole systems represent can be utilized for recuperating the
leftover heat produced during the summeriqgee—due to the extreme availability of

such sources as renewable solar energy and waste heat from large-scale refrigeration
cycles then— that can made use of during the peak winter periods.

One can note that the analysis of energynping should be carried out on a monthly
basis for a period of a year. The reason behind this is because there is a month-to-
month variation (i) in the energy productionvafrious energy conversion systems, (ii)
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in the energy demand of various energy types that are dissimilar with respect to each
other, (iii) in the capacity factors withdtproduction of each of the energy types, the
analysis given in this paper was carriedt, and (iv) in the energy charged or
discharged in the borehole storage system.

One should note that the ideal energy sugpheme should involve the integrated use

of locally available renewable energy @asces to be supplied efficiently to the
consumer sites. Attentiorhsuld be directed at the possibility of using multi-input
multi-output energy conversion systems to meet demands and considerations of
various types, such as thasfeelectricity, heating, coolingjse of renewable-fuels for
transportation, clean water, and cooking. The detailed analysis of this in the thesis
with a limited scope (only involving of electrigj heat, and cooling) can be seen as
representing a humble step in the direction of providing for the use of an ideal energy
supply scheme.

Although there are obvious limitations toettmatters taken up in the research
reported, the thesis can also be seen agiding a sensible basis for further study.
The carrying out of the specific methods payed in the case studies relies on
imaginary-but-reasonable data, such tae heat demand values taken and the
economic matters considered in connection with the renewable-energy-based
conversion systems. One cieavestigate complex networtructures involving both
branched and looped network layouts. A furtresearch topic to be mentioned is that

of dynamic surveys of the heat consuroptin existing distigts for cases involving
different types of heat-consumption betwaviand different types of consumers,
different energy supply infrastructures, atifferent in-house heating systems. This
can contribute to still further studies in the area of planning concerning future heating
infrastructures. Also, one can investigate the technical possibilities of employing low-
temperature operations in district heatingwweks designed with use of conventional
pipe dimensioning methods on the basisheir current high-teerature operations.
Moreover, one can investigate usinghufosting supply temperature for high-heat-
demanding consumers (such as hospitals ietdow-energy district heating systems.

In addition, research work involved witthe designing new low-energy district
heating systems for existing housing areald be expanded further to include other
indoor heating systems, such as floor hepigstems and various layouts for indoor
heating systems, installed in the existiause architecture. Thkcision support tool

for developing renewable-energy-basecdkrgy conversion systems can be further
enhanced by providing it a broader scapen what was studied here, through
including (i) further types of renewablewces, such as wave energy and tidal
sources, (ii) various technologies in corti@t with each type of energy conversion
system, including large-scale systems such as solar parabolic collectors and heat
recovery systems involving cogenerationdandividual systems such as used for
installing small-scale heat pumps in houses] (iii) several different energy outputs.
Thermal storage on a medium-scale ley@s compared with long-term energy
options) could be a topic of investigation iaterest in the further development of
low-energy district heating systems.
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The ISI papers and the book chapters thattttésis is composed of were given in the
appendix.

ISI Article |

7RO +DNDQ @gEUDKLP BbrpidvinG Whe QlimedidditiQgGof piping
networks and network layouts in low-enerdjigtrict heating systems connected to
low-energy buildings: A case study in Roskilde, Denmanrergy 38 (2012) 276 —
290.

Abstract

The paper presents a method for the desiga low-energy district heating (DH)
system, concerning the stedi of different pipe dinresioning methods, substation
types and network layouts. Computations were carried out separately on each of the
pipe segments of which the DH networbnsisted. A simultaneity factor was taken
account in connection with each of thgipe segments. The applicability of the
developed optimization method svéanvestigated with outcomes of its being highly
useful in the pipe dimensioning and of heing superior in respect to traditional
dimensioning methods. It was shown thatagpreciable reduction in heat loss from
the DH network could be achieved. Thptimal pipe dimensions found were
evaluated by use of the commercial softwlegmis with input of several randomly
generated heat demand scenarios involvieakpwinter conditions. The effects of the
network type on the pipe dimensions wéameestigated for substations of different
types containing buffer tanks and heattengers and for booster pumps installed at
the DH network. Two types of network ylauts were compared in terms of
satisfaction of customers concerning the syppmperatures and heat loss within the
DH network to prevent excessive dropssiapply temperature during the summer
months.

ISI Article I

7RO +DNDQ @gEUDKLP Acynmp@&iversady 6ry stilistation types and
network layouts in connection withweenergy district heating systemEnergy
Conversion and Management 64 (2012) 551-561.

Abstract

The study deals with low-energy District Heating (DH) networks operating in low
temperatures such as 5% in terms of supply and 28¢ in terms of return. The
network layout, additional booster pumpsdadifferent substation types such as
storage tanks either equigher not equipped in domestimt water production site
were examined. Effects of booster pumpsp@e dimensions in the latter case were
investigated. Temperature drops during shenmer months due to low heat demands
of consumers were explored. Use gipeaches such as looped networks and



branched network layouts with bypasses éad-consumers were also studied, heat
loss from these networks and the drop in temperature in the heat-carrier-supply
medium being compared.

ISI Article Il

7RO +DNDQ @gEUDKLP Eftextsl  Goddig thé supglyGemperature on
pipe dimensions of low-energy districtatiag networks: A case study in Gladsaxe,
Denmark Submitted to Energy and Buildings (In Review).

Abstract

This paper presents a method for the dinmisg of the low-enagy District Heating

(DH) piping networks operating with aatrol philosophy of supplying heat in low-
temperature such as 5& in supply and 25 in return regularly while the supply
temperature levels are being boosted ild swinter periods. The performance of the
existing radiators that were formerlyzed with over-dimensions was analyzed, its
results being used as input data for théqueance evaluation of the piping network

of the low-energy DH system operating witte control philosophy in question. The
optimization method was performed under @iént mass flow limitations that were
formed with various temperature configtioas. The results showed that reduction in
the mass flow rate requirement of a détis possible by increasing the supply
temperature in cold periods with significant reduction in heat loss from the DH
network. Sensitivity analysis was carried out in order to evaluate the area of
applicability of the proposed method. Hence edwalues of the original capacity and
the current capacity of the existing radiators were evaluated with the design
temperature values that were definedwy former radiator sizing standards.

Non-ISI Article | (Peer Reviewed)

7RO +DNDQ gEUDKLP Therdx€detit HaQuirabiméhtalGnd economic
effect of the hydrostatic design static gsere level on the pipe dimensions of low-
energy district heating networks Challenges 2013, 4(1), 1-16;
doi:10.3390/challe4010001.

Abstract

Low-Energy District Heating (DH) systentsaving great energy savings by means of
very low operating temperatures & °C and 25 °C for supply and return
respectively, were considered to be #ke generation of the DH systems for a low-
energy future. Low-temperature operation is considered to be used in a low-energy
DH network to carry the heat produced byawable and/or low grade energy sources

to the low-energy Danish buildings. In this study, a comparison of various design
considerations with different levels of the maximum design static pressure was
performed, their results being evaluated in terms of energetic, exergetic, economical,
and environmental perspectives.



Book Chapter |

7RO +DNDQ @gEUDKLP 'LQoHU gBeteiniing the OptiQab VHQ
Capacities of Renewable-Energy-Based BpeConversion Systems for Meeting the
Demands of Low-Energy District Heagj, Electricity and District Cooling - Case
Studies in Copenhagen and Tororito.lbrahim Dincer et al (eds.), Progress in Clean
Energy. Submitted to Springer (Accepted to be Published).

Abstract

The paper presents a method for deteimgirthe optimal capacity of a renewable-
energy- based energy conversion systems for meeting the energy requirements of a
given district as considered on a monthlysibawith use of a low-energy district
heating system operating at a low temp&ed, as low as 55 °C for supply and 25 °C
for return and with additiohaonsiderations being direszt to supply electricity and
cooling. Several optimal sdions with various nominalapacities of the technologies
involved were obtained in each of twoseastudies, one being for the Greater
Copenhagen Area, and the other for tBeeater Toronto Area. Various climate
conditions of the case areas in quest@aused different observation of nominal
capacities for the energy conversion systemssidered with single-production and
multi-production based adifferent renewable energy sources.

Book Chapter Il

7RO +DNDQ gEUDKLP 'LQoHnddegiddd ERergy PIEQIGYV H Q
Tool for Renewable Integrated Low-Eneiigtrict Heating Systems: Environmental
Chapter 45 In: Ibrahim Dincer et al (ed<Causes, Impacts and Solutions to Global
Warming. Springer, 2013, New York.

Abstract

Low-energy district heating systems, opierg at low temperature of 55 °C as supply
and 25 °C as return, can be the energy solution as being the prevailing heating
infrastructure in urban areas, considering future energy schemes aiming at increased
exploitation of renewable energy sources together with low-energy houses in focus
with intensified energy efficiency measures. Employing low-temperature operation
allows the ease to exploit not only any tygeneat source but also low-grade sources,
i.e., renewable and industrial waste healich would otherwise be lost. In this
chapter, a regional energy planning tootiéscribed considered with various energy
conversion systems based on renewable ersgrces to be supplied to an integrated
energy infrastructure involving a low-energy district heating, a district cooling, and an
electricity grid. The devebed tool is performed for two case studies, one being
Greater Copenhagen Area and the other @reboronto Area, in accordance with
various climate conditionsnd available resources in these locations, CO2 emission
savings obtained with up to 880 and 1,400 M tons, respectively.
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The paper presents a method for the design of a low-energy district heating (DH) system, concerning the
studies of different pipe dimensioning methods, substation types and network layouts. Computations
were carried out separately on each of the pipe segments of which the DH network consisted. A
simultaneity factor was taken account in connection with each of these pipe segments. The applicability
of the developed optimization method was investigated with outcomes of its being highly useful in the
pipe dimensioning and of its being superior in respect to traditional dimensioning methods. It was
shown that an appreciable reduction in heat loss from the DH network could be achieved. The optimal
pipe dimensions found were evaluated by use of the commercial software Termis with input of several
randomly generated heat demand scenarios involving peak winter conditions. The effects of the network
type on the pipe dimensions were investigated for substations of different types containing buffer tanks
and heat exchangers and for booster pumps installed at the DH network. Two types of network layouts
were compared in terms of satisfaction of customers concerning the supply temperatures and heat loss
within the DH network to prevent excessive drops in supply temperature during the summer months.

2011 Elsevier Ltd. All rights reserved.

1. Introduction

Efforts to reduce energy consumption in European buildings,
together with intensi  ed energy ef ciency measures that are being
undertaken, and the increasing exploitation of renewable energy
sources for providing heat have led to the search for a more adequate
conception and better network design of new-generation District
Heating (DH) systems for low-energy buildings [1e6]. Both the
integration of new low-energy buildings and the low-energy
renovation of existing buildings increase the percentage of heat
loss from the piping network of a traditional DH system. Heat loss
from the network has a signi  cant impact on the cost-effectiveness
and energy ef ciency of a DH system [7e 9]. In one project in this
area[10] itwas found that alow-energy DH system operating at very
low temperatures, 55 Cinthe case of supplyand 25 Cinthe case of
return, can satisfy the heating demand of consumers through
adequate control of the substations [9,11e13]. There are also studies
[12,14,15] which have shown that existing indoor heating systems in
already existing buildings can continue satisfying the heat demand

* Corresponding author. Tel.: p 45 45 25 50 27; fax: p 45 45 88 32 82.
E-mail addresses:hatol@byg.dtu.dk (H.L. Tol), ss@byg.dtu.dk (S. Svendsen).

0360-5442/$ e see front matter ~ 2011 Elsevier Ltd. All rights reserved.
doi: 10.1016/j.energy.2011.12.002

at low supply temperatures since the existing indoor heating
systems were formerly over-dimensioned in their design stage. In
addition, certain heat loss can be avoided through operation at low
temperatures [11,16], providing savings in heat production as well
[9,24,17e 21]. The heat loss from a DH network is affected by the
diameter of the pipes and the insulation material employed, as well
as by the temperature of the supply and by the return heat carrier
medium. Accordingly, special attention needs to be directed at the
dimensions of the DH piping network so as to take advantage of DH
inthe best possibleway [2,5,22e 26]. Traditional methods of DH pipe
dimensioning involve use of a size-searching algorithm in which the
lowest pipe diameter possible is de ned in accordance with the
maximum velocity and/or with the maximum pressure gradient, so
as to avoid the installation of an over-dimensioned and unneces-
sarily costly DH network [4,16,23,27]. The risk of obtaining an over-
dimensioned piping network can be prevented by optimal design of
the DH network [28,29].

Itis not expected that each consumer will consume heat at a full
demand level or at exactly the same time. This is the basic idea
behind the use of simultaneity factor [30] . Special attention was thus
directed at determining the heat load in each pipe segment,
consideration being given to the consumer load to which each pipe
segment is subjected. Three methods for the dimensioning of piping
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Nomenclature

Sets

N Set of nodes

NM Set of longest nodes

P Set of pipe segments

R Set of real numbers

S Set of scenarios, generated

SN Set of starting nodes at the street lines

SS_MP Set of generated heat demand data for main lines

SS_SP Set of generated heat demand data for street lines

TPD Set of inner diameters of the commercially available
pipes

Roman letters

A, B,C Parameters for calculation of heat load in case of DHW,
dependent on substation type [-]

C Number of consumers connected to the node [-]

CcC Cumulative number of consumers at the node [-]

D Inner diameter [mm]

DM Degree-minutes [ C-min]

f Friction coef cient [-]

hg Speci c enthalpy [kj/kg]

i,J,k,l Node indices [-]

iel The index for the predecessor node [-]

L Length [m]
Mass ow [kg/s]
Node entry in the set of nodes [-]

n Overall amount of the entry type, indicated in the
subscript [-]

P Pressure [bar]

p Pipe segment entry in the set of pipe segments [-]

PS Sequences of linked pipe segments [-]

Q Heat power [kW]

R Route [-]

r Root node [-]

Sc Label number of scenario [-]

SF Simultaneity factor [-]

T Temperature [ C]
t Time [min]
U Linear thermal coef cient [W/(mK)]

Greek letters

Difference
4 Occupancy ratio [%)]
\Y, Gradient
Subscripts
Alu AluFlex twin pipe
B Base state
BP Booster pump
CR Critical route
DHW  Domestic hot water
DHWD Unique heat demand of domestic hot water
DHWL Heat load of domestic hot water
f Final
G Ground
HD Unique heat demand
HL Heat load
Loss Loss
Max Maximum

Max_CR Maximum based on critical route

Max_|  Unique, maximum based on each individual route
Min Minimum

R Return

S Supply

SH Space Heating

SHD Unigue heat demand of space heating
SHL Heat load of space heating

SS Scenarios

St Steel twin pipe

S_t Supply heat carrier medium at speci ctime t
0 Initial

Superscripts

g Generated value

* Continuous (non commercially available) value

networks, two of them based on use of maximum pressure gradient
criteria [31] and the other on optimization [11,28,29,32,33], were
investigated, their being compared in terms of heat loss from the DH
network. Also, DH networks connected to two different substations
each containing a buffer tank or a heat exchanger, used for domestic
hot water (DHW) production were investigated. In addition, further
opportunities for reducing the dimensions involved were studied by
installing additional booster pumps in the DH network together
with the substations containing heat exchangers for DHW produc-
tion. The reliability of the DH network with optimal pipe dimensions
was evaluated by use of the hydraulic and thermal simulation
software Termis, in which peak winter scenarios representing
different heat consumption pro  les of consumers were compared,
these being based on the degree of simultaneity of the heat demands
of the different consumers [34]. Supply temperature in the DH
network is lowered, in particular through the heat consumption
being reduced when there is no need for space heating (SH) and
through consumers being absent during holidays and vacation
periods. Two types of network layouts were investigated e
branched networks with bypasses at leaf nodes and looped
networks without bypasses e with the aim of determining how best
to prevent marked drops in the supply temperature and at the same
time keep heat loss from the DH network at a minimum. The heat

consumption pro les of consumers have been found to affect the
operation of DH networks [11,36]. Accordingly, different DH
network layouts were investigated in terms of energy performance
under conditions of low heat demand in the summer, on the basis of
time series simulations involving use of the Termis software and of
different scenarios.

The objective of this study is to design low-energy DH networks
operating in low temperature of 55 C as supply and 25 C as return
for a new settlement, in which low-energy houses are planned to be
built, with focus given on network dimensioning method, substa-
tion type, and network layout.

2. Methods
2.1. Description of the site

A case study was carried out concerned with a suburban area of
Trekroner in the municipality of Roskilde in Denmark, in which
extensive building construction is planned ( Fig. 1), the DH system
there supplying heat to 165 low-energy houses. The piping network
is to have a total length of about 1.2 km in the layout of the
branched type and 1.4 km in the layout of the looped type, the
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Fig. 1. Diagram of a branched DH network for Trekroner.

length of the end-user connections notbeing  gured in here. Future
network extension was assumed to not be required.

Each individual consumer connected to the low-energy DH
network was assumed to have the same type of reference low-
energy house. Consumers were assumed to have a unique peak
heat demand of 2.9 kW in connection with SH. Also, unique heat
demand of each individual consumer in connection with DHW
production was assumed to be 32.3 kW in case the substations at
each consumer house were equipped with an (instantaneous) heat
exchanger employed for DHW production, and 3 kW in case the
substations at each consumer house were equipped with a 120 L
buffer tank for DHW production. Although instantaneous peak heat
consumption power is as high as 32.3 kW from the consumer site,
the buffer tank at the substation decreases the peak heat demand
power to 3 kW which is actually the charging power of the buffer
tank e and stored heat, charged, is later supplied to the consumer
from the buffer tank upon request of DHW e (more detailed
information regarding this can be found in  [37e39]). The heating
demand data for SH and for DHW was found to meet the require-
ments de ned for heating demand data by the software Be06,
which was updated in 2011 through development of the new
version of it, Be10 [40].

Since the heat loss from twin pipes is less than that from single
pipes with the same dimensions, and since the cost of installing
twin pipes is usually less for dimensions of upto DN 100  [37,41], the
network was dimensioned in accordance with the catalogue of

commercially available twin pipes within the range of {10, 11.6, 15,
20, 26} for TPDyy, and of {37.2, 43.1, 54.5, 70.3, 82.5} for TPDg;
[42,43]. TPDrefers to the set of inner diameters of the pipes that are
commercially available, the subscript <AluZ referring to AluFlex
twin pipes and +StZ to steel twin pipes. A general set of inner
diameters including both AlueFlex twin pipes and steel twin pipes
was de nedasTPD ¥ TPDy, W TPDs;. The use of higher values for
the maximum allowable pressure drop for dimensioning purposes,
can resultin a sharp decrease in the pipe sizes involved, in heat loss
from the DH network and in higher pipe installation costs, at the
same time as the operating costs remain constant [28]. The
maximum static design pressure for AluFlex twin pipes (10 bara)
was considered as a constraint in setting the maximum allowable
pressure drop for the dimensioning methods [44]. The overall
maximum allowable pressure drop,  Pyax for the supply and for the
return lines was set to 8 bar, for a holding pressure of 1.5 bara on the
return line at the heat source. Also, the minimum pressure drop
was set to 0.5 bar for the substation of each consumer.

The DH network was dimensioned in the circumstance of peak
winter condition at which the ground temperature Te around the
pipe segments was set as 2 C for the coldest period. In case of
dynamic simulations carried out to investigate different network
layouts (described in the Section 2.6), the ground temperature was
setas 14 C for the time interval (of the simulations) which regards
to a day time occurring during prime holiday times at the summer
months [45].
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2.2. District heating network model

In the present paper, the calculations were applied mainly to
branched networks. The branched network model ( Fig. 1) makes
use of the node list array N and the pipe list array P [11,44,46], the
end-user connections (also known as the branch pipe) being
excluded so as to make calculations easier [27]. In accordance with
the DH network model, the heat source at the root node r was
de ned as supplying heat through the routes Rthat end at the leaf
nodes | (i.e. nodes without any successor node). The pipe listarray P
consists of the pipe segments p; 1, that connect the node i 1to
the node i, in the order of root node r to leaf node I, together with
information concerning the number of consumers  C(N;) connected
to the node N; and the length of the pipe segments L(p; 1;). The
routes of a network R are the branches starting from the root node r
and extending to the destination of the leaf node | in question.
Accordingly, functions applying to R are calculated for the entire
route. The path sets P$; from the root node r to the respective leaf
node |, and PS |; from a node i to the respective node j through the
route | were de ned as sequences of linked pipe segments. The
functions applying both to P$and to P | were put to use on each
of the pipe segments separately within the path set in question.

The pipe segments of the branched type DH network were
dimensioned according to the peak heat load by including simul-
taneity factor as a function of the cumulative number of consumers.
Each heat-demanding node in the DH network model was de  ned
as supplying heat to six consumers, except for the nodes iv46,11,12,
24, 29, 30 and 35, which supply heat to three consumers each. The
cumulative number of consumers for each node in the network was
calculated using Eq. (1).

a
CNb clwhere N, @&, (18 PS
k¥al

CQaN; ;P ¥aCN; 1P p

€3]

where CQN;) is the cumulative number of consumers at the node i
and & a\;pdenotes the set of all successor nodes in relation to the
node i.

The simultaneity factor for space heating was calculated on the
basis of the cumulative consumer load on each pipe segment, using
Eq. (2). The use of thermostatic control valves coupled to in-house
heating systems such as radiators, oor heating systems etc.,
considering internal and solar heat gains, and good insulation
applied at low-energy houses allow us to use simultaneity factor for
space heating system [47].

SksydN;p ¥40:62 p %Slp 2
where Sksy refers to the simultaneity factor for space heating.

The heat load for SH and for DHW was calculated for each pipe
segment, using Eq. (3) and Eq. (4), respectively, and the total heat
load by use of Eq. (5).

QsNiP YaSksudNiPp CGN;iP - Qspp 3

where Qg refers to the heat load for SH and Qspp denotes the
unique heat demand, which was de  ned as 3 kW at the Section 2.1,
for SH of the individual consumer, both expressed in kW.

The Eq. (4) for the heat load in connection with DHW includes
the simultaneity factor integrated to it, depending upon the
cumulative number of consumers [37].

Qonw ;P %A CGN,ppB CGN,BSpcC 4

where Qpuwi refers to the heat load for DHW expressed in kW,

where A% 119, B% 1.5 and C¥% 0.3 for a substation having a 120 |
buffer tank and where Av421.19, B%.18 and C¥%413.1 for a substation
having a heat exchanger.

QULANP YaQspi NP p Qppw &N P (5)

where Q is the total heat load at node N; both for SH and for DHW,
the integrated simultaneity factor depending upon the cumulative
number of consumers.

The mass ow was calculated in accordance with the heat load
by use of Eq. (6).

QuLiNP

b v NP
MNP PR BTep s OTrP

(6)
where refers to mass ow in kg/s and h; (T) is the speci ¢
enthalpy [kj/kg] of the heat carrier medium at temperature T[ C],
the subscripts S and R indicating the temperatures of the supply
and the return heat carrier medium, respectively.

The pressure drop in the different pipe segments was calculated
using the Darcy e Weisbach equation because of the advantage it
has of being strictly dependent upon the kinematic viscosity of
water, which is a function of the temperature and is applicable
under different  ow conditions [44,48]. The friction coef cient f
was calculated using the Clamond algorithm, which is simple, fast,
accurate and robust for solving the Colebrook equation [49].
Calculation of the pressure drop was carried out for the supply and
the return lines separately on the basis of their temperatures.

Heat loss from the DH network was calculated using Eq. (7),
which takes account of differences in temperature and of the linear
temperature-dependent thermal coef  cient between the medium
and the ground around it for both the supply and the return lines.

Xi n h
QLoss Ya L Pi 1 US D Y] 1;i 4 TS TG‘:>
ival .
io
pUsrDpiyi 6Tr TgP (7

where Qqssis the total heat loss from the DH network, which has  n;
nodes, U(D) being the linear thermal coef cient [W/(mK)]
computed as a function of the inner diameter D [mm] and of the
ground temperature Tg around the pipe segment [ C]. The
subscripts Sand R indicate the supply and the return heat carrier
medium, respectively.

The linear thermal coef cients were derived from Wallentén <
formulations [51] and steady-state heat loss equations given at [45] .
The relative error in the heat loss calculated for twin pipes by use of
Wallentén «s formulations is typically less than 1% and 5% in the
perspective of, respectively, symmetrical and anti-symmetrical
problem formulation e in the point of temperatures in the supply
and return pipes e two of which later were superimposed to form
the heat loss formulation for twin pipes in Wallentén s study [51].
The temperature-dependent linear thermal coef cients were
derived by dividing the heat loss calculated by use of Wallentén <
equation with the temperature difference of the heat carrier
medium and ground temperature for each pipe dimensions with
consideration given to design supply; return; and ground temper-
atures de ned as, respectively, 55 C; 25 C; and 2 C in case of
winter period, and 12  C in case of summer period.

After the linear thermal coef  cients were derived separately for
the supply and return line of each commercially available pipe
diameter, the regression equations were formed for the linear
thermal coef cients as a function of the inner diameter in order to
use in the optimization method, described at the Section  2.3.

Temperature drop at the DH network was found as small as 2% in
comparison to the temperature difference of supply and return heat



280 H.L Tol, S. Svendsen / Energy 38 (2012) 22290

carrier medium; hence it was neglected in the heat loss calculations
at this paper, except the analyzes carried out for the network
layouts which were described at the Section 2.6. Also, the temper-
ature dependency of the thermal conductivity, and the ageing of the
PUR (polyurethane) foam were neglected. Also the ground
temperature around the pipe segments was assumed to be undis-
turbed with temperature increase at the soil due to twin pipes,
found as small as 0.5 C based on the study [45] (more detailed
information regarding heat loss calculation can be found in

2.3. Dimensioning methods

After determining the basic input data for the DH network, such
as geographical information regarding the area as well as the heat
source and the heat load on the pipe segments, it is essential that
one select an appropriate designh method for dimensioning the pipe
segments, in order to avoid over-dimensioning of them, which can
result in excessively high network installation costs and a high
degree of heat loss. The heat loss mainly depends on temperature
and pipe size. Therefore, since the temperatures are already as low
as possible in low temperature DH networks, minimizing the heat
loss means minimizing the size. The following dimensioning
methods e the maximum pressure gradient method based on
critical route, and multi-route; and optimization method e were
employed for the branched DH networks, which were illustrated at
Fig. 1, connected to substations having 120 | buffer tanks for DHW
production.

2.3.1. Dimensioning Method 1. The maximum pressure gradient,
critical route method

The maximum pressure gradient method, involving use of
a critical route, has been widely accepted and been traditionally
used for the dimensioning of DH networks. In using this method,
the maximum pressure gradient is taken as a limit, its being
calculated on the basis of the maximum allowable pressure drop for
the critical route in the network, using Eq.  (8) [31] .

1, DPyiax

VPuax_cr ¥4 Rerp (8)
where VPyax_crrefers to the maximum pressure gradient, de  ned
in terms of the critical route, where  L(RcR) is the length of longest
route for the Trekroner DH network, and Pvax refers to the
maximum allowable pressure drop of 8 bar, as dealt with in Section
21

Each pipe segment in the network was then dimensioned, using
Eq. (9).

Minimize D p; 1 ciY1;. in 9)

Subject to the constraints

DP p; 1
VP PI 1;i Yo —— VPMax,CR

Lpig

D pi 1 TPD

where VP(p; 1) refers to the pressure gradient, calculated accord-
ing to pressure drop  P(p; 1,) of the pipe segment p; 1.

2.3.2. Dimensioning Method 2. The maximum pressure gradient,
multi-route method

Dimensioning Method 1 leads to over-dimensioning of the pipe
segments in the separate routes rather than the critical route of the

[45,50]).

DH network. If a pump can handle pressure loss in the critical route,
itcan also handle lesser pressure losses in other routes of the piping
network when a closed loop system is involved [48,52]. In accor-
dance with this, the maximum pressure gradient limit was deter-
mined for each route separately, using Eq. (10).
VPyax | ¥ % clvl;. in (10)
Then, the pipe segments were dimensioned within the limits of
the maximum pressure gradient of the route to which they
belonged, using Eq. (11). Since the main lines have several routes in
common, the lower pressure gradient limits were determined from
among the limits de  ned for the routes.

Minimize D p; 15 ci¥% 1. ;n (11)

Subject to the constraints:

VP pi 15 VPuax.t €hipi 1 PS

D pi i TPD

2.3.3. Dimensioning Method 3. The optimization method

Another dimensioning method was de  ned as an optimization
algorithm in order to minimize the heat loss from the DH network
by means of reducing the dimension of each pipe segment until the
potential of the maximum allowable pressure limit was utilised as
much as possible in connection with each route of the DH network.
Since the reduced heat demand from the consumers will increase
the heat loss from the DH network signi  cantly in comparison to
the heat supplied to the DH network, and the impact of pumping
costs become relatively small than the overall costs in the case of
supplying heat to low-energy houses and in the case of using
AluFlex twin pipe which has static pressure limit of 10 bara  [10],
this optimization method mainly focused on reducing the heat loss
from the DH network.

Due to the complexity of DH networks, the approach of
searching for the minimum value of the objective function is not
a particularly effective optimization method in case each combi-
nation of available diameters will be tried in all of the pipe
segments in the DH network, even if it can provide an accurate
global minimum [32]. The use of optimization algorithms saves
time in the case of such large and complex DH networks, providing
a solution which is close to the global minimum  [31] . Optimization
was carried out by use of the optimization toolbox of the
commercial software Matlab and of the <Active SetZ algorithm
there [53] and the optimization, which was modelled according to
the objective functions and the appropriate constraint functions
being obtained using Eq. (12), resulted with continuously variable
(though not commercially available) pipe diameters at each pipe
segments.

Minimize Qoss D; (12)
Subject to the constraints:

DP&PSP ¥aDPyax cl % 1. ;ny
D R

DMin Di* Dhax
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where D* is a continuous pipe dimension which is obtained and
Dwmin @and Dyay are the corresponding minimum and maximum pipe
diameters, respectively, of the pipe catalogue set TPD. The DH
network contains n; leaf nodes.

The continuous pipe diameters obtained by use of optimization
tool of Matlab were rounded upwards by means of Eq.  (13) to pipe
diameters that were commercially available. Then, the heat loss
from the DH network was re-calculated for the optimal e
commercially available e pipe diameters by use of the linear
thermal coef cients based on Wallentén s formulations (now not
regression equation of the thermal coef ~ cients though) and also the
pressure drop values were re-calculated according to the  nal pipe
dimensions that were commercially available.

Dpa %@ poy SO pyy RLDp gy TPD

(13)

In order to ensure that the resultant optimal diameters were
close to the global minimum in terms of heat loss from the DH
network, the optimization was run from several different starting
points [32,33,53,54].

2.4. Evaluation of pipe dimensions

The heat consumption pro les of the consumers involved can
affect operation of the DH system considerably [11,33]. The optimal
pipe dimensions, founded by use of Matlab optimization tool, were
later evaluated by means of the commercial software Termis, which
in its basic assumption based on mass continuity in all the pipe
segments that are linked with one another, i.e. the total mass ow
demand from all of the consumers as a whole needs to be equal to
the total mass ow supplied by the heat source. The DH piping
network was dimensioned in accordance with the peak heat load
based on simultaneity factor. The reduced heat load due to simul-
taneity factor applied in each pipe segment in dimensioning stage
brought the need to adjust the heat demand of the consumers as
a whole for Termis simulations. Hence, several scenarios, repre-
senting - as a whole - the peak heat demand situation in the winter
months, were created by means of randomly generated heat
demand data based on use of the simultaneity factor. The heat
demand data generated for each consumer in the network was
created under concurrent consideration of maximum heat load
data de ned at each pipe segment based on simultaneity factor
there i.e. the overall sum of the generated heat demand data at each
consumer in the DH network should not exceed the simultaneity
factor based heat load de ned for the pipe segment connected to
the heat source. The scenarios were generated with two  elds of
application; the rst eld is the one being that of the junction of
several pipe segments in the one by use of Eq. (14) and the second

eld is for the same predecessor pipe segment by use of Eq. (15):

Sssmp ¥ RNGQL NP ¢ Ny @&y, ;b (14)
Subject to the constraints:

0 RNGQU &P Qouw NP
g
QudN; 1P YQu &N (P
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where Sss_wpis the array of the heat demand data generated for the
main pipe line, RNGis a random number generator, and QE.LB\IiDis
the heat load data generated at node i.

Table 1
Pump data used in the Termis Model.

Load pro les

1 2 3 4
Flow [kg/s] 1.0 21 3.1 41
Head [bar] 5.3 6.4 7.5 8.2

The second area of application of the scenarios referred to above
is that of adjacent nodes in a given street pipe. Assume in Eq. (15)
that follows that N is the rst node of the street line.

Ssssp ¥a RNGQIoaNP ¢ N, G aNH N3 PS cl % 1;. ;n
(15)

Subject to the constraints:

0 RNGQILNP QouwodNP
QAP %Qu NP

CQUANP  QuaN P

where Sss_spis the array of the heat demand values generated for
the street line in question.

Let nss be de ned as the number of steady-state scenarios
generated. These steady-state scenarios were ones created by the
synchronized generation of sub-scenarios for the street and for the
main lines by use of Eq. (16).

Sss ¥4 SsssPWSssmp (16)

where Ssgis the array of a scenario that contains the random heat
demand data for the DH network as a whole.

The random number generator of MS Excel was used to de ne
the seed for random number generation in terms of computer time
so the steady-state scenarios were generated in different time
con gurations so as to avoid duplicate numbers [55]. The optimal
pipe dimensions obtained by use of optimization method described
at section2.3 were evaluated in the Termis model by use of the
generated steady-state scenarios as input data to the simulations,
providing the heat demand input pertaining to the consumers in
question.

In the Termis model, the temperature of the heat supply from
the root node and the return temperature from the consumers
were setat Ts¥255 CandTg¥25 C, respectively. A pressure vessel
having a holding pressure of 1.5 bara and a variable-speed pump,
with performance being shown at Table 1, were located in the
return line at the heat source [44]. In order to avoid a negative or an
insuf cient pressure difference across the different substations, the
pressure difference was xed at a minimum of 50 kPa in each
consumerss substation [27].

The Termis simulations allowed such parameters as the
maximum static pressure in the DH network and the minimum
pressure difference for the consumers to be checked in terms of the
design limits. The con dence interval for the maximum static
pressure was determined by means of the bootstrap method, which
was used to resample the simulation results for the maximum static
pressure reached in the DH network. The reliability of the con -
dence interval was increased by use of the bootstrap method [56].

2.5. Network types

The energy performance of the DH network was also evaluated
for networks of three different types and with substations of
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Fig. 2. Diagram of a branched DH network for Trekroner with additional booster pumps.

different types and booster pumps installed in the branched
network. The Network Type 1 and 2 was based on the same
branched DH network which was illustrated at  Fig. 1 However
substations which were located in each house differ in DHW
production in these network types with the same layout of
branched DH network.

Network Type 1 The DH network was connected to substations
each one of which were equipped with 120 | buffer tanks for DHW
production with unique heat demand of 3 kW from each individual
house.

Network Type 2. The DH network was connected to substations
each one of which were equipped with heat exchangers for DHW
production with unique heat demand of 32.3 kW from each indi-
vidual house.

Network Type 3. Here the booster pumps were installed at the
start of the pipe segments in each street in the case of DH networks
of Type 2 (Fig. 2) in addition to the head lift provided from the main
pump station which was located in the heat source. The aim here
was to have high maximum allowable pressure drop values as
a design limit for short sequences of pipe segments, such as for
sequences of pipe segments extending from the heat source to the
booster pumps and from each booster pump to the leaf node of
each route in question. Eq. (12) was revised in accordance with the
changed constraints, as shown in Eq. (17). The continuous pipe
diameter values obtained were rounded up to the commercially
available pipe diameters, by use of Eq. (13).

Minimize Qqoss D,

@an
Subject to the constraints:

DP PS; ¥ DPysx cNj NM

Dp PSLI Ya Psa\‘i'3 Pra\liDbDPBp CNi SN
D R

DMin Df DMax

where PS§ j is the sequence of pipe segments from the heat source
to the booster pump in the street that is longest of all, Pgpis the
additional head lift provided by the booster pump,  Ps(N;) and P,(N;)
are the values for the static pressure found atnode i, NM is the set of
the longest nodes contained in the main lines, and SNis the set of
starting nodes for the different street lines.

2.6. Network layouts

During the summer months no use is made of SH and the use of
DHW is reduced, due to the absence of many consumers, who are
on vacation. The stagnant or low ow observed at the heat carrier
medium due to reduction of the overall heat load results in
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Fig. 3. Diagram of a looped DH network for Trekroner.

a considerable drop in the temperature of the supply heat carrier
medium [35]. A drop in temperature of the heat carrier medium at
the supply point can be avoided by use of either of the following
two network layouts:

2.6.1. Layout 1. Branched network with a bypass at leaf nodes
Equipping a substation with a bypass allows the cooled supply
heat carrier medium to circulate through the return line back to
the heat source, resulting in a higher return temperature and as
a consequence in greater heat loss from the network and
decreased ef ciency in the extraction of heat from the heat source
[9,16,35]. Installing thermostatic bypasses in substations in leaf
nodes is widely accepted as a solution to this problem in tradi-
tional DH systems ( Fig. 1). When the temperature of the supply
water drops below a certain temperature, the thermostatic bypass
is activated to direct the supply water to the return line [34,35]. In
Layout 1, each of the leaf nodes of a branched DH network layout
is equipped with a bypass set to a temperature of 50  C, and is
provided with a dead band of 4 C and a maximum ow limit of
0.056 kg/s.

2.6.2. Layout 2. Looped network

Another method for preventing a temperature decline of the
supply heat carrier medium is to provide the DH system with
a looped network layout. Normally, a looped network is used in
order to increase the security of supply [29]. In the present case,

however, a looped network was employed so as to maintain
circulation of the supply heat carrier medium by utilizing the
dynamics of heat consumption, without the necessity of using
a bypass, preventing in this way an increase both in the return
temperature and in heat loss from the return line  [57]. This i
because the piping network in a looped layout supplies heat to
a greater number of consumers in a given district than a branched
layout does. This increases the stability of the supply temperature
since, for example, when there is no heat demand in one particular
location the heat carrier medium is circulated in the supply line to
other consumers through the looped DH network  [29]. Thus, the
dimensions applying to a branched network were used in the
looped network, in which external pipe segments are installed in
the leaf nodes to form the looped layout (  Fig. 3). The diameters of
these new external pipe segments were selected on the basis of the
maximum diameter of the pipe segments (see Dimensioning
Method 3) connected to leaf nodes.

[

2.7. Dynamics of a DH network

The situation prevailing during the summer months was simu-
lated in Termis for two network layouts with input of different e heat
demand e scenarios, generated in connection with DHW
consumptions (though no space heating requirement at summer
period). Scenarios were generated with different DHW consumption
pro les, distinct for each consumer, in accordance with there being
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Table 2
List of the pipes and the nodes in the Trekroner DH network.

Pipe [-] Successor node [-] Predecessor node [-] Length [m]
0 1 2 66

1 2 3 19

2 3 4 41

3 4 5 216
4 5 6 24.4
5 3 7 35.7
6 7 8 37.4
7 8 9 23.4
8 9 10 23

9 10 11 22.8
10 8 12 31
11 12 13 26.2
12 13 14 311
13 14 15 18.5
14 15 16 238
15 16 17 234
16 14 18 81.8
17 18 19 23
18 19 20 225
19 2 21 28.5
20 21 22 323
21 22 23 22
22 23 24 235
23 21 25 35
24 25 26 36
25 26 27 22.7
26 27 28 239
27 28 29 24
28 26 30 34.2
29 30 31 24.9
30 31 32 29.9
31 32 33 20.9
32 33 34 23
33 34 35 22.8
34 32 36 33.6
35 36 37 68.9
36 37 38 22
37 38 39 238

different occupancy patterns of consumers then as a result of
frequent vacation periods in order to include wide range of possible
real urban heat consumption pro  les, and on the basis of a simulta-
neity factor effect on each pipe segment. First, the nodes of
consumers present physically and found in the DH network were
generated randomly by use of Eq. (18).

CG sNiP “aRNG E&Nib ci % 1;. ;n; (28)
Subject to the constraint:

0 RNGENP CaNp

CG_sNip CGN;p

where CQ_scis the node list array that was generated, which
includes the consumers currently present, together with subscripts
representing the occupancy ratio 4, and the scenario number Sc

Dynamic heat demand scenarios §; sc were then created by
generating random heat demand data based on use of a simulta-
neity factor at each time step t, with two Eqs. (14) and (15) applying
to each of the prede ned occupying consumer nodes ( CG_sg. Later,
each of the scenarios generated served as the basis for heat demand
input data for both of the DH network layouts, so as to maintain the
same conditions throughout.

Drops in temperature were also evaluated in terms of the DH
network layout. The principle of sheating-degree day Z measure-
ment [58,59] was used in assessing the level and the duration of the
cooling down of the supply heat carrier medium at heat-

Table 3
Pipe diameters, pressure drop values in the different routes, and heat loss from the
DH network, as obtained for each of three different dimensioning methods.

Dimensioning ~ Dimensioning  Dimensioning

Method 1 Method 2 Method 3
Pipe length Alu14/14 e e 141.9
[m] Alu16/16 e e 22.8
Alu20/20 e 163.4 181.8
Alu 26/26  369.5 206.1 263.6
Alu32/32 343.1 343.1 e
St 32/32 214.7 250.4 471.4
St 40/40 154.2 118.5 e
St 50/50 66.0 66.0 e
St 65/65 e e 66.0
St 80/80 e e e
Pressure drop Ry 19 23 6.6
through the Ry 2.6 3.2 7.1
routes [bar]  Rs 3.2 3.8 7.6
Ry 37 43 55
Rs 20 23 6.5
Rs 25 29 7.6
R; 3.2 35 6.4
Rg 3.9 3.9 7.7
Heat loss from the DH 6.6 6.4 5.6

network [kw]

demanding nodes during a given time interval. Supply tempera-
tures predicted from time series simulations were evaluated in
cases in which the supply temperature falled below a certain base
temperature, by use of Eq. (19).

XX
DM Y,
Wity 141

TN Tg Dt (19)

Subject to the constraint:
CG sk 0

where DM is degree-minutes in  C-min, t is the minimum time
step value, Ts (N;) is the supply temperature during the time period

t atthe node N;, Tgis the base temperature, and t, and t; refer to the
initial and the  nal time step, respectively, of the time interval.

3. Results and discussion

The pipe-node list for the Trekroner DH network model is
shown in Table 2, together with the length of each pipe segment.

3.1. Dimensioning methods

Table 3 shows the resulting pipe diameters, the pressure drop
values along the various routes and the heat loss from the DH
network for each of three different dimensioning methods that
was employed for Network Type 1. As can be seen in the table, for
Dimensioning Method 1 the pressure drop values obtained failed
to reach the maximum allowable design pressure for the critical
route Rg (VPuvax_cr ¥+ 1617 Pa/m). The same applies to Dimen-
sioning Method 2, the VPyax_| values of which are given in  Table 4.
The residual unused pressure drop potential resulted in both cases
in the piping network being over-dimensioned. Dimensioning
Method 3 yielded optimal dimensions that were smaller than
those provided by the other two dimensioning methods. The
pressure drop values obtained were close to the maximum
allowable pressure drop, with a 14% reduction in heat loss there
compared with Dimensioning Method 1. It was found that the
optimization algorithm used in conjunction with Dimensioning
Method 1 tended to give results representing an increase in the
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Table 4
The maximum pressure gradient values obtained for each of the routes.

Pressure gradients values [Pa/m]

Ry Ry Rs R Rs Rs Ry Re

VPuvax 4651 3520 2563 2141 4643 3388 2491 1617

diameter of the pipe segments in the main line but a decrease in
the diameter of the pipe segments of the street lines. Although the
maximum velocity limit was not taken account of in the dimen-
sioning stage, an optimal piping network resulted in a maximum

ow velocity of 2.4 m/s in the pipe segments labelled as 5, 10, 16,
23, 28 and 38.

3.2. Evaluation of pipe dimensions with respect to the maximum
static pressure

Simulations using steady-state scenarios, in a total number of
100, resulted in different maximum static pressures due to differ-
ences in heat consumption pro  les within the DH network. The 95%
con dence interval for the maximum static pressure computed for
the DH network was found to be 1010 3.112 kPa. Re-sampling
then, obtaining values 50,000 times with use of the bootstrap
method, resulted in 1007.5 0.015 kPa. In terms of this latter
con dence interval, the maximum static pressure values obtained
were considered to be satisfactory, despite their being slightly
higher than the design limit for a static pressure of 10 bara. Peak
winter conditions occur very seldom, and the safety factor
employed in dimensioning the network equipment provides
considerable leeway, virtually assuring that the network will not be
damaged [60] .

3.3. Network types

Branched DH systems of three different network types were
dimensioned by use of the optimization method associated with
Dimensioning Method 3. The longest nodes of NM {13 and 34} and
the starting street-nodes of SN {2, 7, 13, 20, 25 and 31} provided
boundary conditions for the dimensioning method used for the
DH network of Network Type 3. The three types of DH network
differed in the degree to which the total length of each dimension
of the pipes varied, as shown in Table 5. DH systems of Network
Type 1 were found to clearly yield smaller dimensions, providing
an 8% reduction in heat loss as compared with Network Type 2,
due to a reduction in  ow demand brought about by the buffer
tanks in the substations. Use of Network Type 3 (which had
booster pumps) resulted in a 2% reduction in heat loss (for the DH
network) as compared with Network Type 2 (which had no
booster pumps). The design limit for the maximum allowable
pressure difference for each street was increased after the instal-
lation of booster pumps, which provided a head lift of 3.8 bar
(Table 6). For the streets belonging to the  rst and the fth routes
there was already a suf cient pressure difference (7.4 bar)
between the supply and the return lines of the main line. Thus, no
booster pump was installed in these routes, so as to avoid
exceeding the static pressure of 10 bara for the streets in question,
in accordance with the design. However the reduction in heat loss
in Network Type 3 in comparison to Network Type 2 was not
found to correlate with the level of reduction in diameter that
comparison of the two revealed, due to the nonlinear character-
istics of the heat loss transfer coef cient values obtained, e.g.
U(37.2) < U(26) and U(20) < U(15) [W/(mK)].

Table 5
Pipe diameters and heat loss from the DH network, as obtained for each of three
different DH network types.

Network Network Network
Type 1 Type 2 Type 3
Pipe length Alu 14/14 141.9 e e
[m] Alu 16/16 22.8 e e
Alu 20/20 181.8 163.8 70.7
Alu 26/26 263.6 156.2 92.4
Alu 32/32 e 46.4 108.8
St 32/32 471.4 667.6 762.1
St 40/40 e e e
St 50/50 e 475 e
St 65/65 66.0 66.0 1135
St 80/80 141.9 e e
Heat loss from the DH 5.6 6.0 6.1
network [kW]

3.4. Network layouts

The Termis model, with the optimal pipe dimensions provided
with use of Dimensioning Method 3, was employed in connection
with both of the network layouts with con guration of Network
Type 1 (further information regarding this is provided in Section
3.3). In each time series simulation, heat demand data served as the
input data for assessing the heat demand of consumers. The time
series were generated for a time range of tiet, ¥ 8 h, using a time
step of t % 10 min for the scenarios, which were generated  ve
times for each presence ratio considered, those of 4 %75%, 50% and
25%. Table 7 presents the frequency distribution of the heat
demand in kW at the consumer nodes of the scenarios, as an
illustration for occupancy ratios of S 3, S50 2 and Sys 1. As can be
seen in Table 7, the heat demand at the consumer nodes increased
as the occupancy ratio became higher. For an occupancy ratio of
25%, some parts of the DH network contained only one or two
occupying consumers, resulting in a low heat demand within the
time range of the scenarios.

Table 8 shows the ratio of heat loss to the heat energy supplied
within a time range of 8 h, the return temperature being obtained
at the heat source and the degree-minutes of the supply temper-
ature obtained in accordance to the base temperature of Tg%50 C
within the DH network. The low heat demand density for 4 %4 25%
was found to affect the operation of DH by producing large varia-
tion both in the ratio of heat loss to heat supply in Layout 2 and in
the return temperature at the heat source in Layout 1. Scenarios
involving high occupancy ratios, such as 4 ¥ 50% and 4 ¥a 75%,
resulted in the values for both the ratio of heat loss to heat supply in
Layout 1 and for the return temperature at the heat source in both
layouts varying only slightly. The operating principles of the looped

Table 6
Pressure changes after installation of a booster pump in the
every street.

rst pipe segment in

Route Pipe segment® Pressure difference between supply and return
lines [bara]
Residual pressure Pressure difference
difference with additional head lift

1 3 7.4 11.2

2 8 4.2 8.0

3 14 21 59

4 17 21 5.9

5 21 7.2 11.0

6 26 3.8 7.6

7 32 15 53

8 35 15 53

2 Pipe segments where booster pumps were installed.
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Table 7

751, Ss0_2 and Ss_3.

Frequency distribution of the heat demand in different nodes during a time series, for each of three different scenarios that were generated, S

Frequency of heat demand during the time series in different nodes [-] 2

Bin interval

Example
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ers in that node.

2 The numbers indicate the amount of time which heat demand value come true within the bin interval and ND means no head demand due to non-occupying consum

Table 8

Ratio of heat loss to heat supply in the DH network, together with the return
temperature at the heat source and the degree-minute values obtained, for each of
two network layouts.

Scenarios Ratio of heat loss to  Average return
heat supply [-] temperature at heat
source [ C]

Degree-minutes of
supply temperature
at nodes [ C-min]

Layout1l Layout2 Layoutl®  Layout2 Layoutl Layout2

S25_1 7.9% 9.1% 28.6 0.72 249 130 2129
S25_2 7.9% 8.6% 28.6 092 249 11 914
S§25_3 7.9% 8.8% 27.9 053 249 142 1494
S25_4 7.9% 8.6% 29.0 0.81 24.9 198 2635
S25 5 7.9% 8.8% 27.8 0.43 249 547 1920
S50_1 4.6% 5.2% 26.1 0.37 249 66 454
S50_2 4.5% 5.2% 26.3 042 249 39 648
S50_3 4.5% 5.2% 26.0 0.46 24.9 127 474
S50_4 4.5% 5.2% 259 0.28 249 193 323
S50_5 4.5% 5.1% 26.1 0.32 249 255 873
S75_1 3.1% 3.6% 254 028 25.0 134 737
S75_2 3.1% 3.6% 253 0.14 25.0 181 379
S§75_3 3.1% 3.6% 253 0.11 25.0 200 454
S75_4 3.1% 3.6% 254 029 250 102 160
S75_5 3.1% 3.6% 253 0.19 25.0 230 540

2 Average of the return temperature at the heat source with standard deviation
through the time series analysis.

network did not allow the return heat carrier medium to circulate
before the temperature had fallen to the return design temperature
(TR ¥4 25 C). Thus, Layout 2 was found to maintain virtually the
same return temperature, of about Tgr% 25 C, at the heat source,
regardless of the occupancy ratio and of the degree of variation in
the heat demand. In contrast, considerable variation in the return
temperatures at the heat source was encountered in Layout 1, due
to the mixing of heat carrier mediums of supply and return with
each other at return line. As can be seen in Fig. 4, for each scenario
the heat loss from the supply line was considerably greater for
Layout 2 than for Layout 1, whereas in the return line a small
change in heat loss occurred between the layouts, though only for
an occupancy ratio of 25%. The latter can be explained as being due
to the low heat demand there and, as a consequence, the return
temperature being raised by mixture of the return medium with
the supply heat carrier medium. The positive correlation of degree-
minutes and heat loss here suggests the heat loss to have occurred
because of the long waiting time of the supply heat carrier medium

at Layout 2. A high density of the heat demand reduces the waiting
time of the supply heat carrier medium at Layout 2.

A detailed consideration of heat-demanding nodes with an
unsatisfactory supply temperature can be rewarding. In scenario
S5 1, it is node 38 which is the most unsatisfactory heat-
demanding node, in light of the fact that the supply temperature
has a degree-minute value of 686 C-min. Fig. 5 shows the changes
obtained in the supply temperature at node i ¥ 38 during an 8 h
period and in the heat demands of the nodes i %238 and i ¥4 37, the
only heat-demanding nodes in the local loop in this scenario. The
heat demand patterns of the ve consumers at the two nodes
resulted in an inadequate supply temperature due to the supply
heat carrier medium being overly stable for a long period of time.

In the same scenario Ss 3, the heat-demanding node i ¥4 16
developed a different dynamic behaviour, one that resulted in
a degree-minute value of 419 C-min (Fig. 6). In this local loop the
number of heat-demanding consumers connected to nodes i % 16
and i ¥4 19 was ve, just as in the previous local loop example.
However, the heat demand pattern at the heat-demanding nodes
did not result in any extreme drop in the supply temperature, as it
did at node i ¥4 38. The node i ¥ 16 was exposed to reductions in the
supply temperature, slight in magnitude and of short duration,
which is more or less acceptable from an engineering point of view.
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Fig. 4. Overall heat loss from the DH network over a time series, as obtained for (a) supply line and (b) return line.

Fig. 7 shows changes over time in the supply temperature at the
node i ¥4 25 in Layouts 1 and 2 in the scenario Sy 4. In this part of
the DH network the only heat-demanding nodes were i ¥4 25 and
i ¥4 21, containing ve consumers altogether. Although the same
DHW heat-demand patterns were taken as input data for both
layouts, the supply temperature pro  les of the two layouts differed.
The external pipe segment between nodes i ¥ 23 and i ¥4 28 was
also the reason both for the excessive temperature drop in Layout 2
in addition to the reason of the low level of the heat demand of the
nodes in question. At the same point in time, the heat consumption
by the consumers was suf cient to maintain circulation within the
supply line and produce an increase in the supply temperature.

4. Summary

The paper has presented a new method for designing low-
energy district heating systems, pipe dimensioning methods,
network layout and types of substations being taken up in partic-
ular. It was shown that a considerable reduction in heat load in such
systems can be achieved through taking account of simultaneity

53
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Supply Temperature [°C]

41
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Supply Temperature at i=38

Fig. 5. Changes over time in the supply temperature and the DHW heat demand (S25_1,

+ DHW Heat Demand at i=38

factor in planning of each pipe segment. An optimization method
aimed at reducing heat loss in a DH network, also when pressure
changes in the various routes through the system are at
a maximum, was proposed, a method that can prevent the over-
dimensioning of the piping network that readily occurs in the use

of traditional dimensioning methods. Comparisons of different
dimensioning methods showed that the <Maximum Pressure
Gradient Zmethod, when used in conjunction with the optimization
method just referred to, was able to provide energy savings of some
14% in preventing heat loss from the DH network. Evaluation of the
degree of optimality of a piping network by means of the
commercial software Termis was carried out using heat demand
scenarios that were randomly generated while at the same time
taking account of the simultaneity factor that applied for each pipe
segment separately. The results provided strong support for the
validity of the optimization method referred to, and also for use of it
ensuring that the system is able to withstand conditions of
maximum static pressure with suf  cient pressure differences ob-
tained in each substation in the DH network. Analysis of different
types of networks showed a DH network connected to substations
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