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PREFACE AND THESIS OUTLINE

This thesis is submitted as a partial fulfilmenttioé requirements for the Degree of
Doctor of Philosophy at the Technical University@énmark, Department of Civil
Engineering.

The thesis is conceptually divided into two paRart | is dedicated to the delivery of
DHW supplied by low-temperature district heatinggluding research on an energy
efficient bypass solution. Part Il is focused or tieasibility of supplying space

heating systems in existing and low-energy buildinging low-temperature district

heating. Each part has own specific backgroundhoust, results and discussion and
specific conclusions, but they share a common dtcton, hypothesis, general

conclusions and suggestions for further work.

The thesis is based on the following three ISIchas, corresponding to three
individual sub-hypotheses. The thesis reports ahé/ main findings and the full-
length articles can be found in the Appendix.

The first article focuses on challenges and thelut®ns related to the heating of
domestic hot water by low-temperature district mgatvith a supply temperature of
50°C.

* Numerical modelling and experimental measuremeants af low-temperature
district heating substation for instantaneous mapan of DHW with respect to
service pipes. Brand M, Thorsen J E, Svendsen Bnargy 2012, vol. 41(1), p.
392-400.

The first paper argues that the supply service pfdew-temperature district heating
substations based on the instantaneous principPH)V heating need to be kept
warm by using a bypass solution to ensure fastigimy of DHW. The second paper
therefore investigates the feasibility of rediregtithe bypass flow to the bathroom
floor heating to reduce the heat loss from theisergipes and whole network while
making good use of the “waste” heat to take thé offithe floor in bathrooms.

» Energy-efficient and cost-effective in-house sulsts bypass for improving
thermal and DHW comfort in bathrooms in low-enetyyildings supplied by
low-temperature district heating, Brand M, DallasBd\, Svendsen S. in Energy
2014, vol. 67, p. 256-267.



The third paper investigates the feasibility of mecting a single-family house from
the 1970s to low-temperature district heating amsiners the question of how much
and for how long period does the supply temperabfitew-temperature DH need to
be increased above 50°C. The house representsaltygwample from the Danish
building stock and the investigation shows the athge of combining energy-saving

measures with the implementation of renewable-gnkaged heat supply at the same
time.

 Renewable-based low-temperature district heating égisting buildings in
various stages of refurbishment, Brand M, Svend&em Energy 2013, vol. 62,
p. 311-319
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ABSTRACT

District heating (DH) systems supplied by renewadergy sources are one of the
main solutions for achieving a fossil-free heatsegtor in Denmark by 2035. To
reach this goal, the medium temperature DH usell nmiv needs to transform to a
new concept reflecting the requirement for lowelathss from DH networks
required by the reduced heating demand of low-gnard refurbished buildings
combined with the lower supply temperatures reguiby using renewable heat
sources. Both these needs meet in the recentlyagmce concept of low-temperature
DH designed with supply/return temperatures as bBmsv50°C/25°C and highly
insulated pipes with reduced inner diameter. Wil tlesign, the heat loss from the
DH networks can be reduced to one quarter of theeviar traditional DH designed
and operated for temperatures of 80°C/40°C. Howexterh low temperatures bring
challenges for domestic hot water (DHW) and spasgtihg (SH) systems, from the
perspective of both DH customers and the DH w8itiThe aim of this work was
therefore to identify, evaluate and suggest sahgtio

The first part of the research focused on the bdagi of supplying DHW with no
increased risk of Legionella and on the performanéelow-temperature DH
substations.

The Danish Standard DS 439 for DHW requires thaMDBhould be delivered in

reasonable time, without unwanted changes in desemperatures (comfort) and
without increased risk of bacterial growth (hygien&hile the comfort requirements
set the minimum DHW temperature to 45°C, the hygisquirements set it to 60°C,
which is simply not reachable for low-temperaturd.However, the German DHW

standard DVGW 551 makes no requirement about mimriiHW temperature if the

overall DHW volume is below 3L. This rule was adsptas a cornerstone for the
research and for the whole low-temperature DH cpihegeneral, so the minimum
DHW temperature is defined by a requirement forCi&t the kitchen tap.

The performance of a low-temperature DH substattih instantaneous DHW
preparation was evaluated based on the results fiadoratory measurements
supplemented with results from the verified nunadrionodel developed in
MATLAB-Simulink. The laboratory measurements showedt the low-temperature
substation can heat the required flow of DHW toGfith 50°C DH water while
keeping the return temperature as low as 20°C.réselts of numerical simulations
considering the influence of the DH network, repréged by a 10 m long service pipe
connection for the substation equipped with an reslebypass with a set-point
temperature of 35°C, showed that the time needgadduce 40°C DHW was 11 s
with and 15 s without the external bypass, respelsti DS 439 suggests 10 s as the
reasonable waiting time for DHW, so a low-tempeamatDH substation based on the
instantaneous principle of DHW preparation showddcehuipped with bypass solution
keeping the service pipe warm and reducing theingaiime.



Traditional bypass solutions simply redirect thepdgsed water back to the DH
network without additional cooling, but bypassedevaan instead be redirected to
floor heating in the bathroom to be further coodedl thus reduce heat loss from the
DH network while improving comfort for occupantsdastill ensure fast DHW
preparation. Various solutions for the redirecteomd control of bypass flow were
developed and their detailed performance testedhenexample of a low-energy
single-family house modelled in building energyfpenance simulation tool IDA-
ICE 4.22. The effect on the DH network was simulaigth the commercial program
Termis on a case study of 40 single-family housggpked by low-temperature DH.
In comparison to the reference case with a trathli@xternal bypass, the proposed
solution resulted in average cooling of bypassetemy 7.5°C, reducing the heat
loss from DH network during non-heating period I3%d and increasing the average
floor temperature by 0.6-2.2°C without causing teating. The price for heating the
bathroom floor during the non-heating period degead the location of the house
and was between 98 and 371 DKK/house, but it seeas®nable to bill all customers
with an even and discounted price, reflecting e that 40% of the heat delivered to
the bathroom floor is covered by reduced heatfiass the DH network.

It can be concluded that low-temperature DH witkupply temperature low as 50°C
can be used for the delivery of DHW with the desitemperature and without
increased risk of Legionella if the DH substatiod HW system are designed for
the low-temperature supply conditions. To ensueefétst provision of DHW during
non-heating periods, the supply service pipe shbaldlept warm, preferably with the
bypass solution redirecting the bypass flow to ki floor heating and thus at least
partly exploiting the additional heat loss causgdkéeping the DH network ready to
use.

The second part of the work focused on SH systam®w-energy and existing
buildings supplied by low-temperature DH.

The feasibility of supplying existing buildings Wwitlow-temperature DH was
investigated using the IDA-ICE program by modellihg example of single-family
house from the 1970s, representing a typical exarapDanish building stock. The
results show that, to maintain the desired ind@mngerature and not exceed the
originally designed flow rate from the DH netwotke DH supply temperature would
need to be increased above 50°C in cold periodss briginal state, the house would
need to be supplied with a DH temperature abov€ 36f 21% of the year and above
60°C for 3% of time, with the highest temperatueeng 73°C. But if the windows are
replaced, which can be expected because theiinidets coming to an end, the
maximum supply temperature is reduced to 62°C hadperiods are reduced to 7%
and 0.2% respectively. Further improvements, sushthe addition of ceiling
insulation or the installation of low-energy windewand low-temperature radiators,
will allow DH water supply at 50°C the whole yeaoand. The results show that
supplying existing buildings with low-temperaturéis not a serious problem and
that DH companies should be stricter in reducing sbpply temperature, which is
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very often kept high just because of the malfumitig of the in-house systems of
customers. Moreover DH companies should requireé #tlanewly installed and
refurbished DH substations should be designedofertemperature DH to ensure the
gradual transition to a temperature level of 507¢he shortest possible period.

The IDA-ICE program was also used to model thequarince of a space heating
system with radiators in the low-energy single-figntiouse. The space heating
system was investigated from the perspective ottstomer, represented by thermal
comfort, and the DH utility, represented by a srhobeat demand and low return
temperature. To accord with the literature, the eflody of internal heat gains
reflected the improved efficiency of equipment bguction of value from 5 W/frto
4.2 Wint, also modelled as intermittent heat gains baseal relistic week schedule.
Furthermore, the indoor set-point temperature waseased from 20°C to 22°C to
reflect a temperature level preferred by occupahte results showed that an SH
system with radiators can provide the desired indemperature while ensuring a
smooth heat demand from the DH network and propelirgy. However, using input
values suggested by the literature and reflectgiced internal heat gains and higher
desired indoor temperature leads to up to 56% @rea¢at demand than values
suggested in the Danish national calculation tasl® and in 20% lower connection
power than for an SH system dimensioned in accaalavith DS 418. Furthermore
the connection heat power is usually by DH utilitgreased by additional “safety
factor” of 20-30%, resulting in total over-dimensifor space heating up to 60%. Use
of safety factors and BelO input data in cost-éffeaess analyses for DH networks
therefore means worse results, because less heatdiso customers and there is
higher heat loss in the network. Similarly, highemnection power than needed
means bigger pipe diameters are needed, resuttingher heat losses as well. Using
realistic values is therefore very important faadility calculations of DH.
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RESUME

Fiernvarme (fiv.) systemer baseret pa vedvarendergédlder er et vaesentligt
element i lgsningen for at opna fossil fri varmefming til bygningssektoren frem
mod 2035. For at kunne opna dette mal, skal forgystemperaturen reduceres, for
derved at tilgodese bygningernes fremtidige lavenergiforbrug og den ggede
maengde af vedvarende energi som ved den lavereetatap bliver til radighed.
Begge behov er imgdekommet for det fornylig landerdav temperatur fjv.
konceptet, som opererer ved forsyningstemperapées0°C/25°C sammen med hgijt
isolerede fjv. rgr. Sammenlignet med traditiondijle systemer (80°C/40°C), er
distributions varmetabet reduceret til 1/4. Imitdter medferer de reducerede
temperaturer en raekke udfordringer for det varmegd®rand og for varme
forsyningen. Dette bade ift. slut-forbrugeren megsé ift. varmeveerket. Formalet
med dette arbejde er at identificere, analyser@pmggille anbefalinger og lgsninger
hertil.

Farste del af arbejdet fokuserer pa mulighedernddisyning af varmt brugsvand
uden gget risiko for legionalla bakterier, samtktionalitet og performance af lav
temperatur fjv. stationen.

Af Dansk Standard DS 439 fremgar at varmt brugsvakdl leveres indenfor
acceptabel tid (komfort) og uden ungdvendig tentpenzariationer (komfort) samt
uden gget risiko for vaekst af legionella baktefigrgiejne). Mht. komfort kraeves en
brugsvands temperatur pa 45°C. Mht. hygiejne kreemeemperatur pa 60°C, hvilket
ikke umiddelbart er foreneligt med lav temperatanséeptet. For dette arbejde er der
taget udgangspunkt i det tyske regelseet for vamsgfong, DVGW 551, som under
forudseetning af mindre end 3 liter volumen i varmdnds systemet (efter
varmeveksleren) ikke stiller krav til temperatunéin hygiejne. Temperaturkravet er
saledes bestemt af komfortkravene i DS439, dv<C4ibtadighed for kakkenvasken.

Funktionalitet og performance for lav temperatw. §tationen er blevet analyseret
vha. udviklede dynamiske Matlab-Simulink modelleg werificeret op imod
laboratorier malinger. Disse viste, at der ved #jpecet flow kunne opnas en
brugsvandstemperatur pa 47°C ved 50°C forsyninggpéeatur, med en tilhgrende
retur temperatur pa 20°C. Resultaterne fra denrmdisi@ model viste, at det er muligt
at komme fra system tomgang (ingen tapning ovegésentid, 10 m delvis nedkglet
stikledning, by-pass temperatur pa 35°C og ingemmea behov) til 40°C
brugsvandstemperatur pa 11 sekunder. Ifalge DSbé8@gtes en passende ventetid
pa varmt brugsvand som 10 sekunder, hvilket deivedaksis er overholdt ved
anvendelse af by-pass (varmholdning af stikledminge

Traditionel by-pass fungerer ved at en termostaeswentil holder fjv. vandet pa et
passende temperatur niveau ved fjv. stationen.vddebliver fjv. vandet dog ikke

afkglet, hvorved det ledes tilbage til fiernvarnettet ved ungdvendig hgj temperatur,
med hgjere termisk net tab til fglge. | stedet dtie at fjv. vandet ledes igennem
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gulvarmen for badeveerelset, hvorved afkglingen spimlen vandet ledes tilbage til
flernvarme veerket. Derved reduceres det termisketai® Yderligere reduceres
ventetiden for det varme brugsvand, idet fjv. stah bliver forsynet umiddelbart
med varmt fiernvarmevand ogsa uden for perioder tapding af varmt brugsvand.
Forskellige lgsnings forslag for by-pass er blemealyseret og valideret vha. IDA-
ICE simulerings veerktgjet for bygningens vedkomneeriebr fjv. nettet er TERMIS
blevet anvendt for analyserne. Sammenlignet metitimael by-pass er der eftervist
gennemsnitligt 7.5°C reduceret afkgling af by-pasmdet, hvilket reduceret
flernvarmenettets varmetab med 13% i perioder hder ikke kreeves varme i
bygningen. Den gennemsnitlige gulv temperatur tewget med 0.6 — 2.2°C, dog
uden at dette leder til overhedning af badeveergsé&pvarmningen af badeveerelses
gulvene over sommeren er beregnet til at koste 891-Kr./hus, hvilket skal ses i
lyset i at 40% af denne energi ellers ville veet# tdjv. forsynings nettet, og denne
del ville forbrugerne skulle betale under alle astligheder, idet nettabet fordeles
kollektivt forbrugerne imellem.

Det kan konkluderes, at lav temperatur fiv. medaggyningstemperatur pa 50°C kan

anvendes til at producere varmt brugsvand ved pdsesemperaturer, med acceptable
ventetider og uden gget risiko for legionella unfteudsaetning af at fjv. stationen

tilgodeser de specifikke krav herfor. Ventetidedueeres yderligere ved at anvende
by-pass gennem gulvvarmen for badeveerelset i sormparaden for derved at holde

stikledningen varm og udnytte en del af den ensogi ellers ville veere gaet tabt in

fiv. nettet.

Anden del af arbejdet har fokuseret pa varmesystéondav energi bygninger og
eksisterende bygninger med henblik pa at analysedegheden for at forsyne disse
med lav temperatur fjv.

Muligheden for at forsyne eksisterende bygninged @& temperatur fjv. er blevet
analyseret vha. IDA-ICE programmet. Typiske én-famhuse fra 1970 er taget i
betragtning, idet de repraesenterer en vaesentligafdbl/gningsmassen i Danmark.
Simuleringsresultater viser, at for at kunne halda gnskede rumtemperatur, kreeves
en hgjere forsyningstemperatur end 50°C for dedsttl perioder. For det originale
hus fra 1970 kraeves en forsynings temperatur p& s0%C i 21% af tiden og over
60°C i 3% af tiden. Den hgjeste ngdvendige fjv.deratur er 73°C. Energirenoveres
med nye vinduer, hvilket er oplagt idet de eksestde har udstaet deres levetid,
bliver den maksimale forsyningstemperatur reducéte62°C og varigheden for
temperaturer over 50°C hhv. 60°C er 7% og 0.2%.r\phe tiltag, som isolering af
loftet eller udskiftning af vinduer sammen med adier dimensioneret til lav
temperatur drift medfarer at 50°C forsyningstempgrkan anvendes hele aret rundt.
Derudover burde fjv. veerkerne stille krav om at flerom- og nybygning kreeves at
bygningen forberedes til lav temperatur drift.

Detaljerede analyser omkring varmesystemet blewntidbr lav energi én familie
huse, fokuserende pa brugeren, mht. termisk komdgrfokuserende pa fjv. vaerket,



mht. jeevn energi belastning og lav retur temperdRasultater viser at gnsket rum
temperatur sammen med en jeevn varme belastningppags. Et mere realistisk
varme grundlag fremkommer ved at anvende varmetilgk2 W/ni i stedet for 5,0
W/m? som typisk fremgar af litteraturen. Derudover afir en indendgrs temperatur
pa 22°C, i stedet for den typiske anvendte veerd?QF&, et mere retvisende billede
mht. energiforbrug. Anvendes antagelserne frarditteen, fas 56% starre beregnet
varmebehov sammenlignet med BelO beregningerne @% 4avere forbrug
sammenlignet med dimensionering iht. DS 418. Vedeadelse af Be1l0 beregninger
vil varmegrundlaget blive for lavt, hvad er en udidng for fjv. konceptet, idet
forholdet mellem leveret (nyttiggjort) og tabt varbliver forringet. Omvendt hvis
varmegrundlaget bliver estimeret for hgjt, j.f DE34har det den konsekvens for fjv.
nettet at rardimensionerne bliver for store, medfd@lgende gget varmetab.
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NOMENCLATURE

List of abbreviations

CB comfort bathroom

ECL electronic controller from Danfoss

DHWC  DHW circulation

DHWSU DHW storage unit

DH district heating

DHSU district heating storage unit

SuUB district heating substation

DHW domestic hot water

FH floor heating

FF fossil free

HEX heat exchanger

IHEU substation based on instantaneous principle of DHW
heating (instantaneous heat exchanger unit)

LTDH low-temperature district heating

PTC2+P proportional-thermostatic controller for DHW from
Danfoss

Sp service pipe - pipe connecting street pipe with DH
substation

SH space heating

TRV thermostatic regulation valve

FJVR TRV controlled by the fluid temperature

List of Symbols

m [kg/s] mass flow

Toypass [°C] bypass set point temperature

Tfioor [°’C]  floor temperature

Top [°C] operative temperature

Tret [°C] return temperature

Tsoil [°’C]  temperature of soil

ATps [°C] Deadband

P max [kW]  maximum heating power

TRW c] weighted average return

temperature
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1 Introduction

1 INTRODUCTION

To reduce C@ emissions and increase the security of suppl\y20hl the Danish
Government decided [1] to achieve a fossil-freetihgaand electricity sector for
buildings by 2035 and complete independence ofilféssls by 2050. The Energy
Performance of Buildings Directive (EPBD) [2] rerps that all new public and other
buildings should be constructed as nearly-zerognbuildings [3] from 2018 and
2020 respectively. The Danish national heating giinjudges that this will be
achieved mainly by a further spread of districttimga(DH) based on renewable heat
sources (RES). The most cost-effective use of tlemseces is related to their
efficiency [5], so the DH supply and return temperas should be as low as possible.
This is also required by the need to reduce thé¢ losa from DH networks, which
will make it economically possible to supply builds with reduced heating demand,
such as low-energy and refurbished existing bugsinwhich it would be
uneconomical to supply with traditional medium tergiure DH. To reflect these
needs, the concept of low-temperature DH with sypgturn temperatures of
50/25°C respectively (see Figure 1.1), matching ¢kergy levels of supply and
demand sides [6], has recently been developed wwkssfully tested in a settlement
of low-energy houses [7]. The deployment of low@yfreturn temperatures and DH
pipes designed with smaller diameters and greatdation thicknesses reduces the
heat loss from the network to one quarter of thet feess expected from a traditionally
designed and operated DH network with 80/40°C IE&jwever, the reduced supply
temperature and focus on energy efficiency bririgeesnew aspects which still need
to be addressed in relation to both main task®tdy i.e. domestic hot water (DHW)
and space heating (SH).

70°C 50°C ,—;_

—)m 70°C 50°C
€ ~ =
40°C 25°C 3 R

10°C (e

]

409°C 25°C

Figure 1.1 — Concept of low-temperature district hating

The fact that the DH supply temperature is as levb@°C puts focus on the risk of
Legionella in the DHW system and poses the quesifomhether the DH substation
can heat DHW to the desired temperature of 45°@Giwiteasonable time and provide
the desired cooling of DH water. With regard to $fétems, we need to distinguish
between low-energy and existing buildings. For new-energy buildings, reduced
DH supply temperatures do not represent any sepoaldiem because their low heat
demand allows the design of SH systems with lowpkueturn temperatures of
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50/25°C. However, low-energy buildings comprised dar some more years will
continue to comprise, only a small share of thédmg stock, while 85-90% are older
buildings with considerably greater energy demd@fisheated by radiators designed
for a supply temperature of 70°C or higher. Reduyd¢he DH supply temperature to
50°C would therefore cause thermal discomfort i@irtoccupants and an undesirably
high return temperature and flow to the DH netwdtlowever, these two types of
buildings are geographically mixed, so the feaybof supplying both types by the
same DH network should be investigated.

1.1 Objective of Research

The goal of the project was to identify the chaljes related to using low-temperature
district heating with supply temperatures as lowb@3C in space heating and DHW
systems and to suggest solutions. The research itdokconsideration both low-
energy buildings with reduced heating demand andtieg buildings with high
heating demand.

1.2 Scope

DH systems are very complex; they consist of tre peoduction side, represented by
heat plants, the heat demand side, representechdybtildings, and the heat

transmission systems transferring the heat betwkem by means of DH water

flowing in DH pipes. This thesis focuses on thetldsamand side represented by in-
house SH and DHW systems, on the DH house substasiagheir common interface

to the DH network, and on their interaction witle tiest of the DH system.

The broad nature and complexity of the topic rezpiisome assumptions and
limitations, which can be summarised as:

* The work focused mainly on the in-house DHW and §fstems, including
the DH substation

* A maximum volume of 3L for the DHW system is assdmso there is no
requirement for a minimum temperature of DHW toldggh Legionella

» Existing buildings are defined as buildings buftea 1970 and in accordance
with Danish building regulations

« The research did not examine the heat productots @i the heat transmission
system, but only uses results from recently pubtisstudies

e The research did not develop refurbishment solatibm reduce heating
demand, but only uses results from recently pubtisstudies.
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1.3 Hypothesis

The main hypothesis of this research was:

It is possible to decrease the district heatingpbugemperature to 50°C and operate a
district heating network with a reasonable flow adling of district heating water,
and maintain desirable indoor temperatures andd@istery of domestic hot water,
without increased Legionella risk, for both exigtand low-energy buildings.

The main hypothesis can be divided into four supeliyesis (see Figure 1.2):

1)

2)

3)

4)

With district heating substations specially des@ynéor low-temperature
operation, it is possible to reduce the districthey supply temperature to 50°C
and still provide domestic hot water at the reqliitemperature level, without
increasing the waiting time for domestic hot wated without increasing the risk
of Legionella, and at the same time ensure a réamperature of district heating
water as low as 20°C.

Bypass flow redirected during the non-heating gendo bathroom floor heating
is additionally cooled and thus in comparison witiditional bypass solutions
reduces the heat loss from the district heating/okkt while giving occupants the
sensation of a warm floor at a discounted price.

Existing buildings can be supplied with low-temgara district heating systems
designed for a supply temperature of around 50°thafdistrict heating supply
temperature is increased during very cold periodd BHW substations are
changed.

The space heating system in a low-energy buildimpked with low-temperature
district heating at 50°C can provide the desirethor temperature and maintain a
smooth load on the district heating network andvardeturn temperature.
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Part | Part Il
DHW Heated by LTDH Space Heating Systems Supplied by LTDH

LTDH with 50°C

existing buildings low-energy buildings

space heating

need for bypass
solution

desired DHW efficient use of radlatr::rs heat demand
temperature bvpass flow 70/40°C
low return tempering bathroom refurbishment :
smooth profile
temperature floor measures
waiting time for reducing heat loss temperature indoor
DHW from DH network peaking temperature

risk of Legionella

IHE substation not exceed original internal heat
DH flow gains

Influence of DH cost-
service pipes efficiency

LTDH for existing LTDH for low-energy
buildings buildings
(sub-hypothesis 3) (sub-hypothesis 4)

DHW heated by LTDH Energy efficient bypass
(sub-hypothesis 1) (sub-hypothesis 2)

Figure 1.2 — Relation between main hypothesis andils-hypothesis
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2.1 Energy Supply - Situation and Political Decisions

With regard to the energy sector, the EU is culyegating two main challenges. The
first one is the climate change caused by the eomisd considerable amounts of €O
from burning fossil fuels, and the second one caugty of supply connected with the
import of fuels mainly from non-EU countries ancithincreasing price caused by
their diminishing reserves. Buildings in the EU @act for approx. 40% of the total
energy use [2], so reducing energy used mainlySidrand heating of DHW will
contribute significantly to improving the situatiomn 2010, therefore, the EU
commission issued a recast version of the EnergipifPeance of Building Directive
(EPBD) requiring all member states to implementhigir national building codes the
requirement that all new buildings built after 20&@ould meet high energy-saving
standards [2]. However, this is just the first st&he second step is to become
completely independent of fossil fuels and basegnsupply purely on renewable
energy sources (RES).

So every EU country had to prepare a national fanncluding more RES in the

national energy system. This was also the mainctisge of the research study, Heat
Plan Denmark 2010 [4]. The study suggested Denrshduld become completely
fossil-free by 2050, but the deadline for the hegtand electricity sector has been
brought forward to the year 2035. This is to beieaddd by energy savings in

buildings, improved efficiency on the energy praitut side, and further expansion
of DH to neighbouring areas increasing the DH sludirieeat delivery from 50% (in

2010) up to 70%. The heat sources for the DH ape&rd to be centralised heat
pumps, solar thermal heat plants, and geothermat pknts with/without heat

pumps. The remaining 30%, mainly in areas with leat demand, is to be covered
by individual heat pumps.

To make the energy sector fossil-free on time Dhaish Government is supporting a
lot of research activity via its Energy Technoldggvelopment and Demonstration
Programme (EUDP) [10], where complete list of thejgcts can be found. There is
on-going work on energy savings in both low-endrgiydings and the refurbishment
of existing buildings, e.g. at the Strategic Reske&entre for Zero Energy Buildings
(ZEB) [11] [12] [13]. With regard to the further @deopment of DH, the low-
temperature DH project in Lystrup [14] [15] [7] arkde implementation of heat
pumps to low-temperature DH [16] should be mentibne

2.2 Heat Supply in Denmark

In 2010, DH covered 50% of total heat demand (63%oaseholds) in Denmark, and
it has a long tradition from the beginning of tH&"Zentury [17]. But it was the oil
crisis in the 1970s that really boosted its expamsAt that time, the political
problems in the Middle East resulted in disruptidroil supplies and steep increases

5
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in oil prices. The reason for the extensive expansif DH was the higher efficiency
of centralised heat sources compared to indivithagers, saving fuel and thus also
money. Furthermore, DH made it possible to useeviasat, e.g. from the production
of electricity — known as combined heat and pow@HR) — or from industrial
processes, and raised the possibility of burninrgraanal waste to get energy instead
of using landfill. For the same reasons, DH is ader®d an environmentally friendly
heating solution because the heat is producedloutar or without CQ emissions.

DH can be also defined as a heating system with fiéxibility with regard to heat
sources. And this is exactly what is needed toeaehia 100% fossil-free heating
sector by 2035. The integration of fossil-free amgewable energy sources on a large
scale is easier, cheaper and faster than changdigdual heat sources. Figure 2.1
shows that in 2011 fossil-free heat sources cantidh 52% of the total fuel mix in
Danish DH: 32% from biomass, 19% from waste, arsd an 1% from solar and
thermal heat sources.

Fiernvarmens andel af det samlede varmemarked i 2012 Fjernvarmeprodultion fordelt pa brandsler i 2011
W
Soste __ vamamor

=

Figure 2.1 — left: Share of DH in heat delivery irDenmark 2012; right: Share of heat sources in DH 102011
[18]

In 2010, the average DH supplys{) and return (&) temperatures in Denmark

were:

» heating seasons], 78.7°C and £;41.4°C
* non-heating seasonyf 73.3°C and £ 44.1°C

Figure 2.2 (left) shows the development of fuelrseushares in DH between 1994
and 2012. The share of fossil fuels has continyodestreased while the share of non-
fossil fuels has increased. Figure 2.2 (right) shdhe price development of oil,

natural gas, wood pellets, wood chips and strawDfidr companies, supporting the
need to drop fossil fuels due to increasing prize,well as their environmental

impact.
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Figure 2.2 — left: Development of heat source shageén DH in the period 1994-2012 [19]green — RES, red —
natural gas, black — coal, blue — ojljight: Development of fuel prices for DH in the geriod 1997-2011 [18]
(blue — oil, red — natural gas, azure — wood pellet®let — wood chips, green - straw)

However, bio fuels are not seen as a long-termtisolubecause Denmark’s own
production cannot cover the fuel demand. Moreobifuels will be needed for fuel
production for the transportation sector after 2088, energy for DH will have to
come from “non-burnable” RES, such as geotherma smlar heat, possibly in
combination with large-scale heat pumps.

2.3 Low-Temperature DH - Definition and Justification

To further expand and operate DH systems in a affisient way, the following
should be considered:

* The increasing number of low-energy and refurbishettlings with reduced
heat demand
* RES of heat as the only heat sources after 2035

* The heat supply of buildings that were originalgsiyned for medium supply
temperatures

The heat demand for SH in low-energy or refurbiskgiting buildings is low in
comparison with typical existing buildings, but thbsolute heat loss from the DH
networks remains the same. This means that the bativeen the heat loss from the
DH network and the heat used by the customersaseseand heat loss represents a
bigger portion in the heating bill, reducing coffeetiveness. So reducing heat losses
in the DH network is one of the key issues for fatDH heating.

The heat loss from the network could be reducetheyphysical improvement of DH
pipes, starting with increasing their thickness amgroving the properties of the
insulation material, continuing with the integratiof supply and return media pipes
into one casing (twin pipes [20]), and ending wilie reduction of pipe diameter
based on the optimisation method to exploit all difeerential pressure available on
the way to the individual customer [21]. Heat Idssm the DH network is also
proportional to the difference between the supphpgerature and the temperature of
the surrounding ground, so lower supply temperatngans lower heat loss.
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The DH supply temperature can be reduced onlyadetel that still guarantees:

* The delivery of DHW with the required temperatufet6°C DHW at the tap
[22]

* The design indoor temperature in the buildings,allgu20°C of operative
temperature [23]

With regard to state-of-the-art technology, spégidéveloped low-temperature heat
exchangers (HEX) with a logarithmic mean tempegatiifference (LMTD) of 6.5°C
can produce 45°C DHW from 50°C hot water on thenpry side while ensuring the
desired cooling of primary water to 20°C. Such HE&Xs applied in low-temperature
DH substations [24], [25] (discussed later in seT®.1.2). Furthermore, reducing the
DHW temperature to 45°C reduces heat losses froriVDiipes and storage tanks
and thus increases the efficiency of heat soultés.estimated that reducing DHW
temperature from 60°C to 45°C increases the effwjeof solar collectors by 10%
and the coefficient of performance factor of HP3096 [26].

Low-temperature DH is a concept mainly for low-ayyeand refurbished buildings.
Space heating systems in both types of building lwandesigned with a supply
temperature of 50°C (defined by DHW requirement®) a return temperature of
25°C, i.e. a cooling of 25°C.

The low-temperature DH concept can therefore beacherised as a DH concept
with:

e Heat loss reduced by using twin pipes with at ledass 2 insulation and
reduced media pipe diameter

* A design supply temperature of 50°C and a designnméemperature of 25°C,
with the option of higher temperatures during ppakods

The cost-effectiveness of the low-temperature Dicept was proved first in a
theoretical study of a settlement with 92 singlenifsg houses (low-energy class 1
[27]), which showed it was fully competitive to sabn with individual heat pumps,
mainly thanks to the low heat loss from the DH regty calculated to be just 12% of
the heat delivered [14].

The concept was built and successfully tested atrup in Denmark in 2010 [15], on
a settlement of 40 low-energy houses, low-energysscll [27]. With low
supply/return temperatures, the annual heat lass the DH network measured in
2012 [7] was as low as 17% of delivered heat, aree quarter of the value for a
network designed with traditional pipes and operatgth temperature levels of
80/40°C.

Dalla Rosa et al. [28] investigated the possibibfyusing a low-flow DH system,
characterised with design supply/return temperatmfe80/25°C and compared its
cost-efficiency with the traditional concept of 807C and low-temperature DH
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50/25°C in the example of the settlement with 4@-&mergy houses. Dalla Rosa
reported that although the low-flow system resultedgmaller pipe diameters that
were expected to reduce the overall heat loss fitennetwork, the higher supply
temperature meant higher heat loss than the lowéaesmture DH with a supply

temperature of 50°C. Moreover, the authors condutat it was better to design the
DH network with smaller pipe diameters and increasesupply temperature to 60°C
during very cold periods instead of designing thé fetwork with an all-year-round

supply temperature of 50°C and bigger pipe diamsetut the study did not consider
the investment cost and energy-efficiency for RE®eat related to the increase of
supply temperatures, which can have consideralfigeimce on the results. The heat
loss from the DH network can be further reducechgishe optimisation method to

exploit all the available differential pressure &ach individual customer, resulting in
additional reduction of pipe diameter [21].

With decreasing heat demand in buildings and thexlie deploy more renewable
sources of energy, the low-temperature DH seembet@an appropriate solution.
However, it should be pointed out that these caratibns do not reflect existing
buildings designed originally with SH and DHW systefor 80/40°C, as discussed in
Section 4.1.
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3 PART | - DHW HEATED BY LOW -
TEMPERATURE DH

This part investigates the feasibility of supplyiigHW systems using low-
temperature DH and is divided into two halves. Thet half focuses on the
requirements for the DHW system and the performasfca low-temperature DH
substation based on the instantaneous principlBH#V heating. The second half
focuses on the development of an energy and cheteet bypass solution. The
research work is described in more detail in ISigra [24] and [29].

3.1 Specific Background

3.1.1 Requirements for DHW heating
Delivery of heat for DHW preparation is one of thain tasks for DH. DHW systems
can be basically divided into two main parts: tHé\® heater (in the case of DH, this
is the DH house substation) where the DHW is hefatad cold potable water, and
the in-house DHW distribution system, i.e. pipesirarcting the heat source with
individual taps.

Danish Standard DS 439 [22] stipulates the follgmaquirements for all DHW
systems:

* Hygiene — DHW should be delivered without increaset for bacterial
growth (DS 439, chapter 2.5.1)

* Comfort — DHW should be delivered in reasonableetirwith the desired
temperature and without unwanted fluctuations mgerature

When DH is the source of heat, the DH substatiaulshalso fulfil requirements on:

* Performance — the DH substation should be ableett DPHW up to the
desired temperature with the defined DH supply temature while providing
the desired cooling of DH water.

DHW temperature
DS 439 [22] stipulates that the DHW should be dekd to every DHW tap with a

minimal temperature of 50°C, but the temperatune deop to 45°C during peak
situations. However, later in the text, the minirddiW temperature required from
the tap is lower and varies depending on the DHW/(tegoping types) and the DHW
is already expected to be mixed with cold wateecHjally, in the kitchen DHW is
required to be 45°C and, at other tapping poir@sC4

Waiting time for DHW
The waiting time for DHW expresses how long theupant should have to wait for

the DHW with the desired temperature after operting tap. The waiting time
consists of the time needed for the DHW heater {he DH house substation) to

11
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produce the DHW with the desired temperature (tkeovery time) and the
transportation time needed to deliver DHW from sistation to the tap. Excluding
DHW systems with DHW circulation, the transportatione depends on the length of
the DHW pipes and their diameter. The recovery tohéhe substation is discussed
later in this section.

DS 439 defines the “reasonable time” to deliver Dith the desired temperature
for all DHW tapping types as 10 s with a flow oRDis (DS 439, chapter 4.2.2.).
However, in the case of hand washing, the waitimg is counted only to the moment
when DHW with 30°C is delivered to the tap [22] rfp4.6.4), because 30°C is
considered as sufficient to start hand washing.ddeer it should be mentioned that
in real use the waiting time is longer because rded flow for individual DHW
tapping types is less than 0.2 L/s.

For the DHW systems with a waiting time longer tH@hs, DS 439 suggests using
DHW circulation to increase the comfort for occuizaand avoid wasting water
flushed directly to the drain during the periodwvediting for DHW with the right
temperature. However, it should be mentioned that use of DHW circulation
increases the heat losses from keeping the DHVémsystady to use.

Hygiene

Fg? DHW, the risk of bacterial growth mainly comger Legionella bacteria.
Legionella can be present in DHW and, when the DRWerosolised by tapping
(most often during showering), the bacteria cambaled to the lungs. Depending on
their concentration and the person’s state of hedltan cause milder Pontiac Fever
or the more severe Legionnaires disease, whicleng dangerous for old people or
people with a weak immune system [30]. Since th# bisseases have a very similar
development to regular influenza, many cases éraneevealed.

Favourable conditions for Legionella growth aregéavolumes of stagnating DHW,
enough nutrients and a favourable temperature rg8ide Figure 3.1 shows that the
highest risk of Legionella proliferation is in teerpture range 35-45°C, i.e. exactly
the temperatures of DHW used for tapping.

12
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Water temperature, growth rate and risk,
by courtesy to J. Lee, HPA Colindale
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Figure 3.1 — Risk of Legionella proliferation relatel to the DHW temperature [32]

This is why most national DHW standards require inimmal DHW temperature of
60°C to be out of the favourable growth conditiorwever, according to [26],
Legionella bacteria can survive temperatures oftau80°C by hiding in amoebas
attached to the sediments on the inner surfacd3HW pipes or storage tanks. It
should be mentioned that our knowledge of the okkegionella is in many cases
ambiguous and on-site measurements are full of rtanges. But the high
temperature at the DHW heater itself does not gueesthere is no risk of Legionella,
because mainly in big DHW systems hydronic misbhadaoan create parts of the
DHW system where the DHW temperature drops todéhgerature range favourable
for Legionella growth [24]. So it is arguable tlaatminimal temperature of 60°C is not
really enough.

Apart from high temperature, the alternative solusito the risk of Legionella include
micro-filtering at the DHW tap, ultraviolet lightisinfection, electrolytic or chemical
treatment, and cavitation. But all of these sohgimeed either additional energy or
maintenance, have considerable running costs ochemical substances, so keeping
the DHW temperature above a certain level is thgpkast and most reliable solution.

However, the risk of Legionella can be also kept l@ithout introducing Legionella
elimination solutions or keeping the DHW over 608iGhply by reducing the water
volume in DHW system. The German standard [33] make requirement about
minimal DHW temperature if the overall volume of BH(excluding HEX) is below

3L. An attempt to do something similar was madeDanish DS information

DS/CEN/TR 16355 [34], but the document comes to igndus conclusions, not
really providing firm guidelines on minimal temptree level.

The “rule of 3L” is a cornerstone of the whole I¢&mnperature DH concept for
DHW, defined by:

e Minimum DHW temperature of 45°C, based on the catrEquirements

13
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*  Maximum length of DHW pipes, based on the maximuiomeed volume of
3L
* No storage of DHW, based on the maximum allowedmwa of 3L

In addition to low-temperature DH, the same conaapt be used for other low-
temperature heat sources, such as solar-thermetiwok or heat pumps.

The state-of-the-art DHW HEX with a temperature pdroetween primary and

secondary sides of 3°C and an additional 2°C teatper drop as an effect of cooled
DHW pipes at the beginning of tapping means thatfilst requirement defines the
minimal supply temperature of low-temperature DHFb@C.

The second requirement gives the maximum lengH pipes. It is suggested that
the DHW fixtures should be individually connectedhMPEX pipes with an inner
diameter of 10 mm, which allows 38 m of pipe iratotn the case of steel pipes with
DN15 or DN10, the maximum length is reduced to L2% m respectively, which is
still seen as enough for a single-family househd tocation of all DHW tapping
points is planned during the design phase of theséoFigure 3.2 shows an example
of the design in the pilot low-temperature DH pobjén Lystrup, where the total
length of the DHW pipes is 12.6 m. Since the DH\Wegi have an inner diameter of
10mm, this means only 1 L of DHW. Proper locatiénhe tapping points also means
there is no need for DHW circulation, which is dretsource of energy losses.

L

r_- - n?lrc‘;\i\?al |.ert1((3;th vo}lrj]me velosity t.ransportation delay [s] for:
fixture [Umin] f|>[<rt#]re pEE]es [m/s] ncf)lrglxal flow 0.2L/s
I shower 8.4 2.2 0.17 1.8 1.2 0.9
basin 3.4 4.1 0.32 0.7 5.8 1.6
kitchen 6 6.3 0.49 1.3 4.9 25

Figure 3.2 — Example of location and connection @HW tapping points designed in proximity of DH hou®
substation based on the instantaneous principle dHW in Lystrup. The table shows the transportation
delay for nominal and expected flows and lengths andividual feeding pipes (inner diameter 10 mm)

The last requirement for no storage of DHW watadeto the development of a low-
temperature house substation with a buffer for Detew (discussed in the next
chapter).

3.1.2 State-of-the-art Low-temperature DH substations
A DH house substation is a device needed in bykisupplied by DH to heat DHW
and/or determine the amount of heat transferretheoSH system. Moreover, the
substation provides the border between the prire@y (DH side) and the secondary
side (house installations) very often needed tacedemperature and/or pressure and
create hydronic separation of the primary and sgaonsides.

14
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Usually, the DHW part of the house substation iasbf the HEX and controllers,
connected together with pipes and fittings, colitrglthe heating of the DHW to the
desired temperature.

Traditional high and medium-temperature DH houdestations can be divided to two
groups:

* Substations based on the instantaneous principl2HW preparation (IHEU
= Instantaneous Heat Exchanger Unit), typical desigating power 32.3 kW
[22]

» Substations with a DHW storage tank, design hegimger depends on size
of the DHW storage tank

A substation based on the instantaneous principBHW heating produces DHW
only when needed (see Figure 3.3 left), whereassubstation with a storage tank the
DHW is heated slowly and stored to be ready for. BEW storage tanks are
generally used to reduce the design heating poeeded for DHW preparation. In
the case of DH, they mean that the diameter ofspipdOH network can be reduced,
leading to reduced heat loss and also reducedhetkpower for DH heat sources.

The DH house substation can also provide a builawth SH, either through an

additional HEX (indirect SH) or the DH water can umed directly in the SH system
(direct SH). House substations with a direct SHhemtion can also be equipped with
a mixing loop to reduce DH water temperature, oftemtrolled by the outdoor

temperature and known as weather compensationgiésmperatures for the SH
part of the substation are more a question of tHesystem than the substation, so
here the focus is on the DHW design temperatures.

bypass
‘TM e DHW T, T, DHW T,

21 T

ON/OFF

\? SH

(

Figure 3.3 — Low-temperature DH substations; left: mstantaneous DHW principle, i.e. IHEU [35], right:
storage tank for DH water, i.e. DHSU [25], [36]

The DHW HEX in traditional DH substations are desid for minimum DH
supply/return temperatures of 60/30°C (summer d¢mmd of medium temperature
DH), whereas a low-temperature DH substation shaulick at the temperature levels
of 50/25°C and produce DHW of at least 45°C.
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The use of low-temperature DH therefore requiresesmodification to:

 The DHW HEX
e The DHW controller
e The DHW storage tank

DHW HEX

The key component of a low-temperature DH substasoa highly efficient HEX
with Micro Plate™ design of plates [37], specialtieveloped for low supply
temperatures by Danfoss (see Figure 3.4). Compgargdditional HEX for high and
medium temperatures, the HEX for low-temperature §hduld be more efficient
because the temperature difference between the Btdrvsupplied and the DHW
produced is for design conditions only about 3°0°(&F47°C) while in traditional
HEX it is as much as 10°C (60°C/50°C). Such a lemperature difference in the
case of low-temperature HEX is possible thankshe gpecial “dimpled” pattern of
the HEX's plates, which in comparison with tradi# fishbone corrugated plates
increases the heat transfer area and the overall fnansfer coefficient while
maintaining high cooling of primary water (i.e. loeturn temperature).

Figure 3.4 — The new Micro Plate™ design compared thi the traditionally used fish bone design (courtes

of Danfoss A/S)
Moreover changing the corrugation pattern redulcegptessure drop down to 65% of
traditional HEXs, making possible closer instafiatiof individual plates and thus a
more compact size. An example of such a HEX is X&37H or XBO6H+
implemented in a low-temperature DH substation saglAkva Less Il TD [35] or
Akva Les Il S [38].

DHW controllers
The state-of-the-art DHW controller is a combinedportional-thermostatic DHW

controller with an integrated differential presswrentroller andesae™ function,
which ensures that the heat exchanger is cold glwiandby (period without DHW
tapping), e.g. PTC2+P [39]. At the first sightmay be surprising that the controller
is a simple self-acting mechanical controller withany electronics, but the reason is
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to make the product as simple as possible to retheeost, extend operation time
and eliminate possible malfunctions.

A DHW controller with a combined proportional-thesstatic function ensures that
when the customer asks for DHW, the DH flow isteaghe maximum value until the
DHW reaches the desired temperature, when the DM dlrops to the value needed
to maintain the desired DHW temperature. This feafis very important at the
beginning of DHW tapping, when the DH water in #evice pipes (pipe connecting
the DH pipe in the street with the DH substatiornthie building), the HEX and other
parts of the substation can be cold and a low towid increase the waiting time for
DHW considerably. The differential pressure cor¢momaintains constant differential
pressure across the control valve and thus enaldesontrol valve to operate on
whole stroke (lift) giving the full control range.

DHW storage tank
To follow the German standard DVGW 551 [33], thetavavolume in the DHW

system cannot be more than 3L. This requirement lvél not met by traditional
substations with a DHW storage tank, usually actingrfor 100-150L. The solution
Is to “move” the storage of DHW water to the prignaide and store DH water
instead [25]. DHW is then prepared on the instagtas principle in the HEX (see
Figure 3.3 right) as in the case of a house substhased on the instantaneous DHW
preparation principle. This solution is called BidtHeating Storage Unit (DHSU).

The unit with the buffer tank for DH water was aniglly designed to reduce the pipe
dimensions in the DH network to further reducehibat loss, but [7] documented that
heat loss saved due to the reduced size of pipakeinDH network is lost by
additional heat loss from the DHW storage tank,tlsis solution, with higher
investment cost and higher space requirementsjggested for use mainly on the
outskirts of DH networks experiencing capacity peofs.

3.1.3 Waiting time for DHW and DH bypass
As mentioned in chapter 3.1.1, the waiting time DddW delivery consists of time
needed for the DHW substation to produce DHW wgdeown as recovery time) and
the transportation time needed to transport the Dpt@dduced by DHW pipes to the
tap.

The recovery time depends not only on the phygicaperties of the DHW HEX

(heat transfer properties, volume of water, the KEMass), but also on the DHW
controller steering the flow of DH water, on thenfgerature of the DH water entering
the substation, and on the history of DHW tappifige bigger the HEX, the longer
the waiting time, because DH water needs to heanhope thermal capacity (water
and the HEX's mass) before DHW with the desired perature is produced.
Similarly, the longer the time since the previousl\® tapping, the more time is
needed because the HEX has cooled down. To spetet ineat flow from the DH at
the beginning of tapping, the state-of-the-art prapnal-thermostatic DHW
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controller opens the DH flow to the maximum, uthi desired DHW temperature is
reached, and then throttles down just to maintaéndiesired DHW temperature.

However, this description is fully valid only forreouse substation with a buffer tank
for DH water (DHSU), where the temperature of DHtevasupplied to the DHW
HEX is expected from the very first moment to béG0because the DH water is
stored in the buffer tank. The situation is diffarefor the substation with
instantaneous DHW preparation (IHEU), because tBX k$ supplied by DH water
taken directly from the DH network. During the nle@ating season, the DH water
standing in the supply service pipe can cool dowm aesult of there being no heat
demand in the building. This will extend the reagvéime of the substation. To
prevent the cooling down of the supply service pife traditional solution is to
maintain a small flow of DH water and “bypass” ($&gure 3.5) it back to the DH
network just on the border of the DH substationtdmal bypass) or to let the DH
water flow through the DHW HEX (internal bypass)ihgtalling the bypass valve in
the house substation. Having a bypass valve isstall each house substation is a
better solution than having a bypass valve instadiely at the end of each street pipe,
because it keeps the supply service pipe warmdohn eustomer.

primary secondary

substation

side ! ! side !
i i external i i internal
| DHW | ! bypass DHW : ! bypass, DHW :
Tll: HEX | T 11 | 35(40)°C HEX | T Tll | 47°C N HEX 1 T
22 22 / 22
i / ) \i i ) | |
1 - #) 15 T V.
i H i H i U a
N ) ) LN i
ol : > 2 i ( : > 2 i AR 2 i
/ i . i \ T /| ) i i A T
T1 2 E _________ E 21 T 12 E E T 12 1 T E 21
, Sprcasp | N ‘ Cprca+p |\ HPT \
. controller  SPace heating controller controller
diff. pressure circuit
controller
no bypass external bypass internal bypass

Figure 3.5 — Various bypass strategies for IHEU; & no bypass; middle: external bypass (cold HEX) wth
set-point temperature 35°C; right: internal bypass(warm HEX) with set-point temperature 47°C (defined

by DHW set-point 45°C)
Both types of bypass reduce the waiting time foMDHbut bypassing DH water back
to the DH network without proper cooling increagbs heat loss from the DH
network. The typical set-point temperature usedtfa external bypass in a low-
temperature DH network is 35°C except for the hogdd at the end of the streets,
where the set-point temperature is increased t€ 46¢uired by missing subsequent
customers. The internal by-pass offers shorterimgatime for DHW after idling of
substation, but this is paid for by higher heatstonption for its operation and greater
heat loss from the HEX which is kept always warmrtlikrermore, in some countries
keeping the DHW HEX warm is seen as a solution thateases the risk of
Legionella growth, so it is not very much used. thap disadvantage in using an
internal bypass is reduction in efficiency of th&Xldeveloping in time in medium
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DH by sedimentation on the DHW side from maintagnithe HEX at higher
temperature.

However, the temperature of DH water supplied t® hbuse substation in the very
first moments after a period without heat demandwing bypass operation is also
influenced by the thermal capacity and transpanatime in the service pipe. Let's
consider a substation based on the instantaneol8 pithciple without an external
bypass just after DHW tapping performed during a-heating period. There is no
flow and the supply service pipe (SP) is full oP60DH water, which means that the
DH water in the service pipe will cool homogenousiyer the whole length in
accordance with the cooling curves reported bya@Rlbsa [40], presented in Figure
3.6 (left). It can be seen that, for the AluFlex2Z3110 pipe surrounded by soil with a
temperature of 8°C, the DH water standing in thevise pipe will homogenously
cool down to 20°C in 180 minutes.
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Figure 3.6 — left: Cooling down of DH water standig in an AluFlex 20/20/110 service pipe during idlig.

The initial temperature of water in pipe is 50°C, awl the initial temperature of the insulation is 15°C; right:
Effect of the thermal capacity of an AluFlex 20/20/10 service pipe during reheating of the pipe

After 180 minutes, the customer opens the DHW gairaand “fresh” DH water at
50°C starts to flow to the 10 m long service piperf the DH distribution pipe in the
street while the cooled DH water standing in thppby service pipe will enter the
substation. It means that the delivery of fresh DBter in the substation will be
postponed by a transportation delay. Furthermdranks to the thermal capacity of
the service pipe wall, being at the initial momah20°C, the DH water supplied will
be cooled down for some period at the beginnintapping. Therefore, depending on
the flow rate of the DH water (defined by DHW catiier) and the initial temperature
of the service pipe, it will take some time beftine DH water with a temperature of
50°C reaches the inlet to the substation, as caseée in Figure 3.6-(right), showing
results based on code of Dalla Rosa reported in Pixing this period the substation
will be supplied with DH water cooled by standing the supply service pipe,
increasing the recovery time of the substation.tRerAluFlex 20/20/110 service pipe
10 m long and IHEU controlled with combined propmral-temperature DHW
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controller [39] the initial DH flow rate is 17.3 mfin and it will take almost 7.5 s to
deliver DH water at 45°C and roughly another 20 ddliver 50°C warm DH water to
the DH substation. The influence of service piperital capacity on the bypass
operation is similar.

3.1.4 Low-temperature DH substation with integrated heatpump
As already discussed, the minimum DH temperatur&@iC is in case of low-
temperature DH defined by the requirement to predds°C DHW without an
additional energy source. However, if we go evemhfr in accord with the recent
trend in DH development, which is characterisedréyucing heat loss in the DH
network and the integration of more RES, the DHp$yupemperature can be lowered
even more if there is an auxiliary energy sourceaoh substation.

This idea is behind the concept of low-temperatDi¢ heating with the supply

temperature reduced to 35-40°C, but deploying aldmeat pump installed in each
substation to lift the DHW temperature to the dasitemperature of 45°C [16], [41].
The heat source for the heat pump is the DH wateraning that the temperature
increase required is very small, resulting in ahhigefficient of performance (COP).
The heat pump lifts only the DHW part, because dheply temperature of 40°C is
expected to be enough for space heating of lowggneuildings designed with floor

heating or low-temperature radiators. For two iadhtDH networks designed with

the same pipe diameters reduction of DH supply &atpre from 80°C to 40°C

results in a 35% reduction in heat loss.

v DHW

45°C

DCW

Figure 3.7 — Principle of low-temperature DH substdon combined with micro heat pump [41].

During the development phase of the substation V@mants were analysed [41]. The
variants differed in the location and size of thHd\W storage tank (primary/secondary
side), location of the heat pump evaporator/conelei®H supply/return), and in
exploring the possibility of using heating watetureing from the SH system. The
variants were evaluated from the perspective of20& of the heat pump, exergy and
maximal flow and cooling of the DH water. To gdtigh COP for the heat pump, the
temperature of the DHW should be kept as low asiplesand therefore, applying the
same philosophy as for low-temperature DH, the DH8Vproduced with the
temperature of 45°C, which means the DHW systemt mage a volume below 3L.
As the solution with the best performance was etelll the variant with the
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condenser and evaporator on the primary side, imgotte DH water up to 53°C,
which is then stored in the buffer tank for DH waf@HW is then heated on the basis
of the instantaneous principle in a Micro Plate™XH&s in case of DHSU. The
prototype was built and tested in laboratory caod# with an average COP of 5.3.
Full-scale testing of five units is currently goiog in Birkerad, Denmark [16]. This
concept is expected to be beneficial for DH networkskirts that experience
problems with a supply temperature drop.

3.1.5 DHW systems supplied by low-temperature DH

Single-family houses with low volume DHW system
In small DHW systems, such as for single-family $es) the risk of Legionella can be

kept low by reducing the overall water volume beldw[33]. This mean maximum
DHW pipe lengths of 38 m (with inner diameter 10 jron 15 m with DN15 pipe,
which is enough for a single-family house if thedtion of all DHW tapping points is
planned during the design phase of the house. Ptopation of the tapping points
also means there is no need for DHW circulationictviis another source of energy
losses. The low-temperature DH substation couldeliber instantaneous heat
exchanger unit (IHEU) [35] or district heating stge unit (DHSU) [36], [25],
depending mainly on the requirements of the DHtwitil

Supply of existing single-family houses

For DHW systems in buildings currently suppliedttgditional DH, low-temperature
DH will require replacing existing DH substationsgmally designed for minimal
DH supply temperatures of 60/30°C with low-tempearatsubstations designed for
50/25°C. The cheapest solution is just to repladaeedurrent HEX with a new low-
temperature HEX, but an optimal solution also reepiithe DHW controller to be
state-of-the-art, so it is easier to replace thelaitsubstation. In buildings equipped
with traditional DHW storage tanks, it is not pdssijust to replace the HEX and
keep the current storage tank with its inner hgatil, because the volume of DHW
is more than 3 L and DHW can no longer be heatetbupe 55°C required by the
standard [22]. So the solution is to replace thel&bDH substation with the low-
temperature version. An alternative and also clreapkition could be to turn the
DHW storage tank into the buffer tank for storageDid water and add a low-
temperature HEX on the outlet, but this solutiomdd always possible because the
DHW storage tank needs to have been designed hstatd the pressure on the DH
side, easily reaching up to 16 bars. In DHW systeitls DHW volume in the pipes
above 3L, the existing DHW pipes need to be replaggh smaller diameter pipes
(preferably always connecting just one tapping @laied the DHW source) to comply
with the 3L rule.

DHW in multi-storey buildings
The state-of-the-art for multi-storey buildings tise concept of flat or apartment

stations [42] (see Figure 3.8 - right), where eaphrtment has own substation, and
the DHW and SH pipes are in the individual flatgl laut only in the horizontal
direction. In this way, each flat owner has complebntrol over the settings of the

21



3 DHW Heated by LTDH

DHW and SH systems, and all energy consumed isureésvith just one meter. The
flat station concept fits perfectly with the contep low-temperature DH, because a
properly designed DHW system in each flat will havéHW volume below 3L.
Moreover, not having DHW and SH risers between flas reduces noise
propagation.
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Figure 3.8 — Comparison of DHW systems in multi-st@y building [42]; left — traditional system with
vertical risers; right — flat station system

However DHW and SH in multi-storey buildings is ditoonally distributed by
vertical risers, resulting in large water volume&livering DHW with the desired
temperature and in reasonable time in such systdrasefore requires DHW
circulation, in which the circulated DHW returns the source of heat with a
temperature of at least 55°C [22]. With low-tempar@ DH, this is simply not
possible. The best solution would be the instalfatf individual flat stations, but this
would require extensive investments. Thereforaidhstraditional DHW multi-storey
systems are to be supplied by low-temperature Ddines kind of Legionella
elimination system will be needed.

One promising solution might be a new system fer ¢hmination of Legionella in
DHW systems with temperature below 50°C that hesntty been tested on 10 multi-
family houses in Sweden with good results [26]. $iistem works on the principle of
Advanced Oxidation Technology (AOT), in which ulti@let (UV) lamps irradiate a
catalytic surface to form free radicals. The radichen break down contaminants in
the water. The process occurs only inside the ipudind leaves no harmful residuals
in the water. One UV lamp is installed on the coiater supply to the DHW heat
exchanger and another UV lamp on the DHW circutatjost before the heat
exchanger. The disadvantages of such a solutiothareonsiderable investment and
running costs, because the lamps need to be chamgeda year. Over the lifetime of
20 years, this amounts to about DKK 3800 per anfi8h This solution might work
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for DHW systems supplying several flats where theahts share the costs, but is
currently too expensive as an alternative for ussimgle-family houses. Moreover,

the study concluded that the bacterial contaminangsfound in almost all piping

systems, so the realistic vision should be to gleva technical solution to limit

Legionella growth to a low level rather than attémgamplete elimination.

As an alternative solution in the DHW systems vibtH\W circulation could be seen a
thermal disinfection of circulating DHW with heatcovery (see Figure 3.9). Since
the DHW can be with LTDH heated only approximatedy47°C, the additional
source of heat is needed. This can be either sgaallboiler or electric resistance
heater, boosting the temperature of DHW up to regutemperature level (position
1). The required temperature will depend on thestperiod the DHW will spent in
the “reaction chamber” (position 2).
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Figure 3.9 - Principle of thermal disinfection withheat recovery for LTDH. Calculation made by Danfoss
HEXcalc software [44]
The higher the temperature the shorter the neeshattion time [26]. While for 70°C
the reaction time to eliminate 99% of Legionelld iminute, for 60°C it is 5 minutes
and for 50°C it is 80 minuts. After the thermalidisction, the DHW will flow
through the heat recovery (heat exchanger, posBjowhere the disinfected DHW
will be cooled down by 47°C warm DHW returning frahe DHW recirculation.

However even small DHW circulation flow as 0.1 L/sguires considerable amount
of energy, i.e. 1.3 kWh/h, corresponding to 31 kéldy/and 11.4 MWh/a. Seen this
value from the perspective of 800 kWh/a as enerpded for DHW heating for one
person per year it corresponds to the annual ersgand for DHW for 14 people,
having very high cost. Considering the price ofcleity 2 DKK/kWh the cost for
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such solution is around 23000 DKK/year, while tikpexted annual running cost for
UV disinfection technology is 3800 DKK (energy demad2W). The solution with
UV disinfection should be therefore preferred.
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3.2 Delivery of DHW

3.2.1 Methods
This chapter describes methods used in the researighin general. A detailed
description is in ISI article “Numerical modelliragd experimental measurements for
a low-temperature district heating substation festantaneous preparation of DHW
with respect to service pipes” [24].

Based on a study of the literature, a minimum DH&hperature of 45°C and a
waiting time of 10 s were adopted.

Full-scale measurements of IHEU
The performance evaluation of a low-temperatureshosubstation based on the

instantaneous principle (IHEU) and supplied wittfGMDH water focused on the
production of DHW with the required temperaturethie required time with proper
cooling of DH water. The performance of an IHEU salion [35] equipped with a
PTC2+P controller for DHW was measured in well-defl conditions in the
laboratories of the Technical University of Denmailkhe experimental setup is
shown in Figure 3.10.
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Figure 3.10 — Experimental setup for measurements tHEU

We measured temperature of four water flows pasfingugh the substation, flow
rates on primary and secondary sides and air teaatyerin the laboratory. It was
supply temperature ;T and return temperature;sTon primary side and the supply
temperature 7; (cold domestic water) and return temperatugg (DHW) on the
secondary side. All temperatures were measured \ert@viously calibrated
thermocouples type T. Water flow rates Q were megkwon both sides with
traditional analogue flow meters. The substatiols wannected to the campus DHW
system by thermostatic mixing valve, providing thket of the substation with 50°C
water constantly.

First we adjusted the DHW controller to produce @MHW to confirm it was
possible to achieve 45°C at the tap. The tempeyatiud7°C was chosen because it is
the required temperature of 45°C with the additan2°C to cover the effect of
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cooled DHW pipes at the beginning of a tappingqeerirhen we left the substation to
cool down to the temperature of the ambient enwviremt to simulate a long period
without tapping. After that, we started tapping DHwth a flow of 8.4L/min to
simulate DHW demand for showering with 40°C warm \WWHand observed the
temperature development of the DHW produced, dafirthe recovery time of the
substation. The waiting time was defined as thestmaeded for the DHW to reach
40°C — a choice based on the consideration thiedbeginning of DHW tapping the
DHW temperature drops by 2°C due to cooled DHW ®ipad that 38°C is
considered as a comfortable temperature for DHW use

Development of numerical model for IHEU
The realistic evaluation of the performance for thlEU accounted also for the

impact of the DH network represented by the infaeenf the bypass solution and the
supply service pipe. Since it would be very difficiko measure the detailed

performance in a full-scale experiment, we combif@d numerical models in one

and use it for this purpose. The philosophy ofrttaslel can be seen in Figure 3.11.

overall performance
substation | service pipe

service
pipe

DHW
controller

Figure 3.11 — Structure of model investigating waihg time for DHW in the DH substation without a
storage/buffer tank

The model we developed not only allowed investaaf the bypass performance,
but can also be used as a fast decision tool ttomuse a substation for various
requirements specified by DH utilities.

The numerical model of the IHEU substation was teed in MATLAB and-
Simulink [45] based on combination and update afiezamodels of individual
components from Danfoss A/S. The model of the suiost consists of a module
representing the HEX, a module representing the ZFPCDHW controller, and
additional blocks representing the time delays Ire tpipes caused by the
transportation delay and their thermal capacity.

The model of the HEX is based on the model in Perdd46], where it is well
described. The model consists of three sections,eaich section consists of a cold
and a hot side and the wall between them (see &@juR).
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Figure 3.12 — Description of the numerical model afhe HEX with three sections

The three sections model is considered to be aecerzough to model the overall
performance of a HEX [46]. The philosophy of HEX dedling is fundamentally
based on an energy balance between the primary @mot secondary (cold) side
including heat transfer through the wall separatihg two sides, described by
equations (1)-(4).

Energy balance equation for cold medium:

d . Tc,in + Tc,out
E(mc Ij:p,c |:,rc,out) =m; B:p,c |JTc,in - Tc,out) - ac,w DA% HT - Tw) (1)

Equation (1) rearranged and written for HEX-section

d 1 . Tcl,in + T(:’Lout
_(T(:L,out) S —— [ﬂm; B:p,c HTc:Lin _T(:Lout) - ac,w DAE HT _TWl)] (2)

dr m, [€

p.Cc

Energy balance equation for hot medium:

d . T in +T ou
E(mh [Cp,h Drh,out) =m, Etp,h E(Th,in _Th,out) —Ohp LA, H% -T,)(3)

d _ Th,in + Th,out c,out
E(rn/v B:p,w Drw) - ah/w Dbh H— - Tw) - ac,w DA% H— - Tw) (4)

Energy balance equation for HEX plates:
Tc,in +T
2 2
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where:
A total plate area on the (m?] T temperature of water °C]
¢ | cold side in one section ¢ 1 coming into the section

specific heat capacity of temperature of water o

e | water [J/(kg.K)] Teout leaving the section [*Cl
mass of water in the average wall temperaturg o

Me | section [ka] Tw in the section [*Cl

. mass flow of water convective heat transfer >

Me through the section [ka/s] Gew | coefficient [Wi(m*.K)]
total mass of plates in the k] 5 distance between [mi

M| section 9 P | individual HEX plates

Pr | Prandtl number [ My \t/C;ztren:al conductivity of [W/(m.K)]

Re | Reynolds number [1

This approach adopts some simplifications: no keatluction between the sections
in the direction of water flow, negligible heatistance in the HEX walls, and no heat
losses to the surroundings. However, their infleeran the accuracy in this
application is negligible. The original model wapdated with input parameters
representing HEX XB37H used in the tested substatio

The adopted model of PTC2+P DHW controller (seaife3.13) was modelled as a
numerical description of all individual mechanigadrts (springs, bellow elements,
valves, friction resistance, etc.) with the parargegiven by the manufacturer.

Figure 3.13 — PTC2+P DHW controller [39], courtesy bDanfoss A/S.

The model is property of manufacturer and the mactufer doesn’t want to present
the model in more details. Part of the implemeatatof IHEU to the MATLAB
Simulink can be seen in Figure 3.14.
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blodk § - preparstion of constants

LEVEI 1 bBlock € - calculstions
blodk 2
number of plates l ' =I Terminator
secondary volume Rt Unhamed?
antal slag from blogk 5
u[4] plate - width blogk 5
plate - heigh WO
primary volume Flow ma/s block &
height between nozzles datat Unhsmed
areafactor
u[9] plate distance Stoffion2 ._ T out
plate thickness ™ Tin 2-element
u[11] number of sections dats2 varmeveisler
total plade masse Block 4
Stoffecns B
from blook 2 & 4 reen = Q

T12/T22

HEXconst
Figure 3.14 —Part of the Simulink model of the IHEUsubstation — detail on HEX model

The overall model of IHEU was successfully verifieih the data from laboratory
measurements, under both steady-state and dynamdfitions (see Figure 3.15 and
Table 3-1). Figure 3.15 shows the results obtafred the measurements of recovery
time for the IHEU and compare them with the res@iitsn the numerical model
developed for the same initial conditions. It candeen that the model is in good
agreement with the measured data (compare curyssnlwith T,,meas and ksim
with T;omeas) and can therefore be used. Numerical vaheeported in Table 3-1:
case M for measurements and case O for the sironlati
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Figure 3.15 — Comparison of experimentally measuretineas” and numerically simulated “sim”
temperatures T22 and T12 for an IHEU equipped with a FC2+P controller for the same input data

Influence of service pipes and bypass solutions
The influence of the supply service pipe withow thypass on the recovery time of

the house substation was discussed in section BULH a bypass solution is used, its
influence needs to be added. It must be stressedhid bypass solution is active only
in periods without a need for heating, i.e. in f@ating periods. The bypass flow is
usually controlled by a thermostatic valve FIVR][40ntrolled on the basis of the

temperature of the passing fluid, and installed pfter the inlet to the IHEU (see

Figure 3.18a). To ensure the stability of the aanprocess, the valve has a neutral
zone (deadband) of £2.5°C. For a set-point tempezatf 35°C, this means that the
valve opens when the temperature of the fluid dimgsw 32.5°C and closes when
the temperature reaches 37.5°C. The neutral zcereftre results in intermittent

operation of the valve also called “pulse” mode.

By recurrent application of the cooling curves tmoling of DH water in service
pipes combined with the numerical code for the dyigaheat transfer in the service
pipes [40], both developed by Dalla Rosa (alreadgcdbed in section 3.1.3), we
obtained a temperature profile along the 10 m lahg-lex 20/20/110 service pipe
(Figure 3.16) for the case of an IHEU with an exé¢tbypass. We assumed constant
50°C DH water at the beginning of the service fipaintained by heat demand of
previous/following DH customers) and a bypass flate of 3L/min in periods when
the bypass was opened.
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Figure 3.16 - Temperature profile along a 10 m longP AluFlex 20/20/110 for an IHEU equipped with an
external bypass in traditional and continual operaion modes. Traditional bypass: set-point 35°C, deadind
+2.5°C, bypass flow rate 3 L/min, Tounq=14°C. Continual bypass: temperature drop 50-35°Cflow rate
0.024 L/min, Tgroung=14 C.

The figure shows development of the temperaturdilpralong 10 m long supply
service pipe for few time slices. It can be seeat the temperature of DH water
standing in the pipe varies depending on how mangd the bypass valve has opened
since the previous tapping. First, the pipe is @illb0°C hot water as result of just
finished DHW tapping. The water in the pipe coolswd uniformly to the
temperature of 32.5°C in 82 minutes (curve “afiestfcooling”), which opens the
external bypass and DH water starts to flow int shbstation. Considering the fact
that the service pipe was prior to bypass valvenogeat 32.5°C and now the water
with 50°C started to flow results is cooling of thygpass water front. The bypass flow
stop after the water front with temperature 37.58&ches the bypass valve and stops
the flow (curve “after first bypass”). Then the emin the service pipe cools down
again (curve “after® cooling”) and the procedure is repeated.

Knowledge on DH water temperature in the servipe m every time makes possible
to use water temperature history as an input datéheé IHEU model taking in to the
consideration also influence of service pipe artéreal bypass.

Figure 3.16 also shows the temperature profile adheoretical bypass controller
providing continuous flow without the deadband. Temperature profile along the
pipe in steady state conditions was obtained frqoagon [49]

U.
Tae = Ty + (T — T, )exp (— m—;) (5)
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where Ty represents temperature of bypassed water at tladidacin question],
temperature of bypassed water at the beginninpeoService pipe andy represents
ground temperature, X represents x-coordinate efitlvestigated point measured
from the beginning of service pipe [m} is the mass flow rate [kg/s] of bypassed
water, U is thermal transmittance of the pipe [WKM c, is specific heat of water
[J/(kg.K)].

First the needed mass flowv was calculated for the boundary conditions35°C,
T,=50°C, Tg=8°C, x=10 m, U=0.089 W/(m.K) and afterwards thesmthow was used
to calculate the temperature profile along the ggb®wn in Figure 3.16).

The results of Dalla Rosa et al. [50] show thattiemous bypass without deadband
bypasses only needed amount of water to keep teetmthe substation on 35°C,
meaning roughly 30% less water volume than tragigtieexternal bypass with dead
band, and thus saving up to 30% of heat loss frloenservice pipe. Moreover, it
maintains the temperature at the inlet to the stiost continuously at 35°C, so it
would be expected to reduce the maximum lengtheaf recovery.

Simulated cases
The bypass influence on the recovery time of thEUHNcluding the service pipe was

simulated for the following cases:

1) No bypass — water in supply service pipe cools daluring non-heating
season

2) Traditional external bypass controlled by FJVR eahand set-point
temperature of 35°C, operating in pulse mode

3) Continuous bypass — constant continuous bypass dlasuring 35°C at the
inlet of substation

The case without the bypass investigated whethisr ppbssible to operate an IHEU
during non-heating period without a bypass solu@o how long it will take to
produce DHW with the desired temperature if theviserpipe is full of 20°C or 35°C
DH water at the beginning of DHW tapping. The setoase considered the use of an
external bypass solution with a set-point tempeeatd 35°C, modelled as an on/off
controller with a deadband of £+2.5°C simulating trexformance of a real external
bypass. The last case was an external bypass mddeth a hypothetic thermostatic
controller without the deadband, keeping inletubstation with continuous flow on
35°C, which was expected to result in lower hess ioom the service pipe.

3.2.2 Results and Discussion
Regarding the risk of Legionella and comfort forc@gants study of the literature
gave a good indication on the feasibility of delimg DHW at the tap with a
temperature of 45°C if the overall volume of the\WHKystem is below 3L.
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3.2.2.1 Performance of IHEU

The laboratory measurements confirmed that theededbw-temperature DH
substation with instantaneous heat exchanger ptena@an from 50°C DH water
produce DHW with 47°C, while cool down DH water20°C.

Table 3-1 shows the recovery times of the IHEUD&tW with various temperature
and different boundary conditions as results frbwn tumerical model. The first two
lines compares recovery time for experimental messants with numerical model
with the same input conditions and it documents$ the model describes with good
agreement performance of the IHEU. The lower pEiftable 3-1 reports the recovery
time for the IHEU with the influence of the servipgpe (SP), while the upper part
excludes this influence.

Table 3-1 — Recovery time for IHEU for various bounday conditions

recovery time of IHEU [s] to produce DHW with tearpture

Case Description
30°C 35°C 40°C 42°C 45°C
o M experimental measurement 4.1 6.0 9.1 10.8 581
g 0 verification of num. model 4.6 6.3 8.6 10.0 13.1
2 1 pure recovery time, T11=50°C, HEX20 3.7 4.9 5 6. 7.3 9.4
o
g 2 pure recovery time, T11=50°C, HEX40 4.1 55 4 7. 8.55 10.9
o 3 continual bypass 50°C - 35°C 57 77 10 113 141
2 4 ext. bypass beforé%bypass flow 5.9 8.7 11.0 124 155
% 5 ext. bypass beforé®bypass flow 7.2 9.5 11.9 13.2 16.4
é 6 without bypass water in SP on 35°C 7.2 9.8 12.3 13.6 16.9
7 without bypass water in SP on 20°C 11.0 12.7 15.2 16.7 20.9

Excluding the influence of the service pipe, theokery time to produce 40°C DHW

is 7.4 s if the substation is left idle for a périong enough for all components to cool
down to 20°C. The recovery time to produce 40°@duced to 6.5 s when the DHW
HEX is changed to 20 plates instead of 40 platee &f a DHW HEX with 20 plates

slightly increases the return temperature of DHew&ibm 19.1°C to 21.8°C, but this
value is still in the acceptable range and is fiestiby the fact that the amount of
material is halved and the price of the HEX is tl

Taking into account influence of 10 m long servimpe (Aluflex 20/20/110), filled
with DH water cooled to 20°C by a long period dfrd (case 7), the time needed for
the IHEU to produce 40°C warm DHW without an ex&riypass increases to 15 s
(see Table 3-1). Moreover, the transportation tineeded to deliver DHW to a
shower at the end of a 2.2 m pipe is an additidrals. Taken together, this gives a
waiting time of more than 17 s, meaning discomfort the customer as well as
wasting water while waiting for DHW with the desirdemperature. With the
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deployment of an external bypass with a set-peimperature of 35°C (case 4 and 5),
the recovery time decreases by 3-4 s, dependinth@rbypass phase (see Figure
3.16). Using continuous flow with a set-point temgtere of 35°C (case 3) will
decrease the recovery time by another 1 s.

These results might give the impression that tleeafisxternal bypass saves only 3.5
S on average, i.e. 22% of the waiting time, bwhibuld be pointed out that a bypass
installed in the substation has also crucial imgrmee for keeping the whole network
warm and thus is relevant not only for the seryige of individual customers but for
whole DH network. Comparison of DHW waiting timesitiw traditional DH
substations is not available.

For tested substation, the recovery time couldusthér shortened by reducing the
thermal mass (metal components) and water corggmt,using DHW HEX with 20
plates instead of 40 and reducing the size om{#i (pipes and armatures) in the
substation or alternatively making the componerasfplastic. Another alternative
could be an internal bypass to keep the DHW HEXmydsut for low-temperature
applications such a solution is not currently aalag because the self-acting
controller used for this solution in traditional Dt¢eds higher difference between the
DH supply and the DHW set-point temperature, astimeed in [51]. This has also
been confirmed by laboratory test [24].

The waiting time for DHW in older systems was vehort if the pipes were kept
continuously warm and ready to use. This resulteldigh comfort for customers, but
at the same time in high heat losses from the sysiderefore the energy efficiency
question arises in connection with the validitytbé 10 s waiting time limit for
customers, calling for full-scale investigation.

3.2.3 Conclusions

* Based on the literature study it is concluded thathe DHW systems with
overall volume below 3L is no requirement of minini2HW temperature
regarding increased risk of Legionella. Therefote tminimal DHW
temperature is defined by requirements for comfa1,45°C.

e Laboratory test of low-temperature DH substatiomficomed that the
substation can produce DHW with 47°C from 50°C wédm while cooling
the DH water to 20°C. These results therefore fjuse@mperature level of
50°C as a minimal supply temperature of low-tempeea DH for the
buildings without additional on-site heating soufweDHW.

* Developed numerical model of low-temperature DH ssation with
instantaneous type of DHW production, includinguehce of service pipes
was successfully validated with laboratory measear@sn and documents
importance of accounting the effect from servicgepi to the overall
evaluation of the substation performance.

34



3 DHW Heated by LTDH

To prevent increase of the waiting time for DHWe thupply service pipe
should be kept warm by bypassing small flow of Didtev. With external
thermostatic bypass set to 35°C, the 10 s waitinge tfor 50°C DHW
recommended by Danish DHW standard is doubledDbi\v with sufficient
temperature 40°C is prepared in 11 s and justtbfigixceeding the required
value. Therefore it is suggested to revise theireduvaiting time for DHW
while consider reduction of DHW temperature and §gply temperature.

The waiting time for DHW can be further slightlydieced by installation of
continuous bypass, operating in comparison tottaditional thermostatic
bypass without deadband and thus keeping the toldte substation always
on 35°C

Developed numerical model can be further used famuosation of whole
low-temperature DH concept and the DH substatiensel.
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3.3 Cost-efficient Use of Bypassed DH Water in Bathroom

Floor Heating

The results from the numerical simulations of a-tewmperature DH substation with
instantaneous principle of DHW heating (IHEU) shdwbat to provide DHW in
reasonable time during a non-heating period, a $/salution needs to be applied.
Since the traditional bypass solutions redirectiyy@ass flow back to the DH network
almost without cooling and thus increasing the heas from DH network, we
investigated the feasibility of making the bypassrenenergy- and cost-efficient. We
chose the option of redirecting the bypass flovibathroom floor heating in order to
force the additional cooling of bypassed water ltgguin a reduction of heat loss
from the DH network and possibly improving efficognof the heat sources while
giving the sensation of a warm floor to the usd@tsis concept is referred to as the
“comfort bathroom” (CB).

This chapter gives summary of the second ISI pdpeergy-Efficient and Cost
Effective In-House Substations Bypass for Improviigermal and DHW Comfort in
Bathrooms in Low-Energy Buildings Supplied by Lowsiperature District Heating”
[29] where all details can be found.

3.3.1 Methods

3.3.1.1 Modelling of external bypass
To investigate the realistic performance of a bgpé®wv redirected to the bathroom
floor heating, it was necessary to model the bygaggion first.

The bypass flow needed to keep the inlet to substain desired temperature (in our
case 35°C) is changing based on the location ofulseomer in the DH network. The

closer the customer is to the heat source, theehitite temperature of DH water on
the beginning of the service pipe, because thentraeelled shorter distance and thus
cooled down less. To reflect this phenomenon weethed performance of bypass for
three different locations in the DH network. Thecdbons were chosen as the
locations with DH water temperature at the begigrohthe service pipe 50°C, 40°C

and 37.5°C during the bypass period and thus repteg the customers located
close, middle and far distance from the heat soufidee example of such customers
iIs shown in Figure 3.17, as result of Termis nekn@mulations (described later in

the text).
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Figure 3.17 — Example of continuous bypass flow néed to keep inlet to substation on 35°C for the
customer in close, middle and far location from theheating plant; network represents low-temperature
district heating project in Lystrup, Denmark [7]

We used again numerical model developed by DallsaH40] to model traditional
external thermostatic bypass valve FJVR sendingotipass flow inpulses but we
modelled alsa@ontinuous bypass flow (see section 3.2.1. equation (5))ctican be
in real realised by a needle valve, i.e. a valveéhwrecisely adjustable flow. The
continuous flow provided by a needle valve was Base the previous results
expected to reduce volume of bypass water (and dlsgs the heat loss) needed to
keep the inlet to substation on 35°C by 30%. Weuragsl 10 m long service pipe
Aluflex 20/20/110, ground temperature 8°C and bgsst-point temperature 35°C.

The results of the numerical simulations showeat, the continuous flow needed to
keep the inlet to substation on 35°C is for theamers located in close, middle and
far distance from the heat plant 1.77 kg/s, 4.68 kgd 9.36 kg/s respectively. Pulse
bypass was modelled with bypass flow 0.5 kg/min @ead band of 3°C, but only for
customers located in close and in middle distandké heat plant. The results show
that the pulse (intermittent) bypass operates th lmrations every 15 minutes. For
the close location is opened for approximately #each cycle and bypasses 0.65L,
which corresponds to 2.6 kg/h and for the middtatmn is the bypass flow opened
for approximately 213 s and bypasses in each cycighly 1.8 kg, i.e. 7.1 kg/h. The
results are therefore in accordance with the exgedsults that the volume of
bypassed water is for thermostatic bypass withepiliisv 50% higher than for
continuous bypass flow controlled by the needleealithout the deadband.

3.3.1.2 Technical solutions for Comfort Bathroom

Various technical proposals for redirecting and taling the bypass flow for
bathroom floor heating have been developed (sea&ig.18). Some of the solutions
were implemented with a traditional thermostatiqpdgs valve, type FIVR [47]
supplying a floor heating loop with the intermittevater “pulses” and others with a
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needle valve providing “continuous flow”. Apart from the difference in control

valves, the technical proposals also differed for directly and indirectly connected
space heating systems and took into account the presence of a mixing loop for
adjusting the supply temperature.

a) original setup without CB:
FIVR return valve (or TRV)

external

b) CB: needle valve + FJVR return
valve (or TRV)

¢) CB: FJVR bypass valve + TRV

R < alternative
byp;ass N diff. pressure =~ position’
valve controller |
DHW DHW ; DHW
sub. - < sub. P>~ <~ FIVR > <+ sub.
_ FIVR return needle | needle b\?;plises
TRV valve valve i J “~-valve = _
-_Floor heating TRV °* FIVR return TRV .
(FH) valve

SH system with mixing loop / HEX

d) CB: FIVR bypass valve + TRV
mixing loop

electronic
controller

¢) CB: capillary tube + FIVR return valve
mixing loop

electronic
controller

f) CB: needle valve + FJVR ret. valve (or TRV)
indirect SH system
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Figure 3.18 — Technical solution for CB implementation. Direct SH system without mixing loop: a) reference
case without CB, with traditional external bypass; b) CB realised with a needle valve (installed in parallel to
TRV valve on supply pipe or in parallel to FIVR valve on the return pipe of FH loop); c) CB realised with a
FJVR bypass valve._Direct SH system with mixing loop: d) CB realised with a FJVR bypass valve; e) CB
realised with a needle valve and capillary tube. Indirect SH system: f) CB realised with FJVR bypass valve.

Reference case without CB

Figure 3.18a show original connection scheme of direct space heating system with
floor heating (FH) in the bathroom, controlled either on supply pipe by traditional
thermostatic valve (TRV) [52], with the thermostatic head sensing operative
temperature in the room or by tileermostatic return valve [47] installed in the
technical room on the return pipe of the FH loop, usually operated with set-point
temperature 25°C. The bypass solution is provided by traditibr&imostatic

bypass valve FIJVR [47] (same as the thermostatic return valve, just in another
position), redirecting the bypassed water back to the DH network.

CB controlled with needle valve

This solution is expected to reduce the volume of bypassed water by 30% in
comparison to the traditional thermostatic bypass valve with deadband. CB concept is
realised by installing the needle valve in parallel to the thermostatic return valve and
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thus keeping the constant bypass flow through tthéobp (see Figure 3.18b). For the
winter periods when the bypass flow through thedieees not enough, the additional
flow can pass through the thermostatic return vaBimilar solution can be applied
also in the floor heating loop controlled by TRWsf on the supply pipe of the FH.
The traditional external bypass valve is from thel Bubstation removed. The
advantage of this solution is very fast and chewgpallation for the solution with
thermostatic return valve if installed in the teiclahroom, but the drawback is lack of
“automatic stop” of the bypass flow for the periadsen the temperature of bypassed
water exceed 35°C. This happens with every tappirigHW, filling the service pipe
with 50°C warm DH water. After this happens thehbabm FH is supplied with
water with unnecessarily high temperature for apjpnately 45 minutes before the
temperature in the service pipe drops back to 3&%@an be seen in Figure 3.19).

CB controlled with thermostatic bypass valve

CB concept in FH loops controlled by TRV (see FeggBrl8c) can be easily realised
by moving the thermostatic bypass valve from itggioal position into the new
position, parallel to TRV valve. In this setup, tinermostatic bypass valve performs
as in original solution, but the bypass water isled down in the bathroom FH. The
thermostatic bypass valve can be installed eithgrarallel to the TRV valve in the
bathroom, or in the technical room. The secondtswius more precise regarding
setting of required bypass set-point temperatur@nk® to its position in the
substation, but on the other hand it requires lilasian of additional pipe between the
DH substation and TRV controller. It should be nmmed that by using the
thermostatic bypass valve to control the bypass,ftbe advantage of 30% reduction
of bypass flow is lost.

SH systems with mixing loop (direct SH) or heatlewger (indirect SH)

Figure 3.18d-f shows installation of the CB condepthe substations with possibility
of controlling the supply temperature to the SHplotn Figure 3.18d is presented
solution for directly connected SH system with mgiloop and bathroom heating
controlled by TRV. In this case the CB flow is doobusly bypassed through the
thermostatic bypass valve, installed in paralletiie main control valve and TRV
controlling the FH loop. Using of bypass flow inethFH controlled by the

thermostatic return valve can be made similar (Sgere 3.18e), by bypassing the
main control valve and installation of needle valueparallel to the thermostatic
return valve. However for bypassing the main cdniedve is not used thermostatic
bypass valve, but capillary tube. Realization ire tBH system with indirect

connection is show in Figure 3.18f, again by inataln of thermostatic bypass valve
bypassing the main control valve and subsequenaliason the needle valve in
parallel to the FH controller.
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3.3.1.3 Modelling of CB

Some of the solutions presented in Figure 3.18 werestigated on an example of
157nf single-family house built in accordance with Danisuilding requirements
class 2015 [53], meaning that the annual energyaddmaccounting for space
heating, DHW heating, and operation of HVAC systesheuld be after accounting
for primary energy factors below 37 kWhA@). The house has ten rooms and two
bathrooms (8.3 and 4.33nand the CB concept was installed in both of theee
Figure 4.4). The ventilation rate for the house Wwased on the BR10 requirements
dimensioned to 216 fth and the heat recovery in the ventilation systerm 85%
efficiency. The windows in the house were shadeith whe external blinds (with g
value of 0.14) and drawn when the solar irradiaé®oeeded 300 W/mMoreover all
windows were shaded with 0.5 m deep roof overhdihg. venting of the house by
opening the windows started when the indoor tentpera@xceeded 24°C and stopped
when the temperature drop below 22°C. However tiedows couldn’t be open
when the occupants were not at home, i.e. durindinwg days between 8 a.m. and 3
p.m. The overall internal heat gains (people + @aeint) in the whole house were
modelled with value of 5 W/f but the heat gains from the bathrooms were
transferred to the living room and kitchen, becalbgsed on Molin et. al. [54] the
internal heat gains in the bathroom are negligible.

Performance of developed technical solutions impleing the CB concept was
evaluated by advanced level of IDA-ICE, version2425]. The advanced level is an
object-based interface (similar to MATLAB-Simulinkyhich allows the use of
detailed component models and development of ysurmodels, e.g. a mixing loop.

3.3.1.4 Detailed modelling of bypass flow in the CB and influence of DHW
tapping
As already mentioned, bypass flow needed in catetive needle valve to keep inlet
to substation on 35°C is 30% lower than the byplass needed by the thermostatic
bypass valve with 3°C deadband, but on the othed tize needle valve is missing the
possibility to stop the bypass flow when the terapee increases over the desired
bypass temperature, i.e. in our case 35°C. Sualease happens during and after
every DHW tapping, because the supply service gifell of 50°C DH water, and it
takes around 45 minutes until the temperature énstrvice pipe cools down back to
35°C, as it can be seen in Figure 3.19. The blagkecindicates DHW tapping,
occurring every third hour for the period of fivermtes and the dotted red curve the
decrease of the temperature of bypass flow fronC504ack to 35°C, which takes
approximately 45 minutes.
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Figure 3.19 — Influence of DHW tapping on the tempmture and flow rate of DH bypass water on the inle

to substation, when controlled by needle valve anthermostatic bypass valve

The figure also shows the water mass flow for dotpass solutions. It can be seen
that the bypass water is in case of thermostatpasy valve supplied to the floor
heating in pulses every 15 minutes, but the byflassis stopped during and after
each DHW tapping. Therefore it is expected, thataathge of the 30% lower flow
rate in case of needle valve will change when ctmBig the DHW tapping.
Furthermore it is expected that the pulse and oaatis delivery of the bypass flow
have influence on heat transferred to the FH.

Normally the FH is in IDA-ICE modelled as one Fkemlent, simulating performance
based on the logarithmic mean average temperahgrenat giving the possibility to

see distribution of floor surface temperature. €hae we divided bathroom floor to
81 FH elements, to make possible model also spdisaibution of the floor surface

temperature and the temperature drop along theéngeaipe. However, the hydronic
connection of each element should be made manuwelly the preceding and

succeeding element and furthermore each of the eglsmshould be manually
connected with four neighbouring elements to actoalso for the horizontal

conduction. Considering the number of manual cotoes, this solution is rather

time consuming and very vulnerable for mistakes amen we spent considerable
amount of time, we unfortunately haven't succeedbtold the model properly.

Therefore we decided to model the FH just as aeteraent.

To find out influence of DHW tapping on total bygad volume for needle valve and
thermostatic bypass valve and the difference irsgund continuous delivery of
bypass flow to the FH, we make comparison of sévesses. To catch all the
dynamic of DHW tapping and pulse bypass flow, tihmusations were performed
with maximal time step of 0.001 s. Due to the loogmputational time the
simulations were performed only for very short tipggiods, in range of days.
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We modelled four different cases and all of themt#o locations in the DH network

(close and middle distance from the heating pldiffering in the nominal bypass
flow.

« The first modelled case was case of needle vatvec{bse located customer
with flow without DHW influence of 1.77 kg/h) praling continuous bypass
flow ( see Figure 3.20, triangle markers)

 The second case was the thermostatic bypass vdeeating with pulses and
therefore with 50% higher volume of bypassed wéter for the customer
located close to the heat plant the bypass flokout the DHW influence of
2.6 kg/h), (diamond markers)

To investigate also influence of pulse/continuoyseration of bypass flow on
performance of FH, we modelled thermostatic bypasse with continuous flow
instead of pulse, giving on average the same amolublpassed DH water. This
simulation was made however for nominal bypass .77 kg/h and 4.68 kg/h, to
investigate how it will look if the thermostatic lva retain “stop” function, while
remove the 50% higher bypassed volume as the reBuémoving 3°C dead band,
which can be in fact realised by electronicallytcolled bypass valve. Therefore the:

e Third case is modelled as thermostatic bypass Jalwevith continuous flow
instead of pulse, giving on average nominal fldw.@7 kg/h (circle markers)

* Forth case as thermostatic bypass valve, modegjath avith pulse flow, but
also for the nominal flow of 1.77 kg/h (square neas}

All the cases included influence of DHW tappingtfpemed every three house, daily
between 6 a.m. and 12 p.m.

a) b)
245 25.5
:E ....... g i ~'E
— 2425 ogpvesans | 25 & -‘ Sl . =
({] T 28 e Vo [ PUPPSDPPUDEE BTN NN = [ o
- | SRS i el Ny (S0 [ [N O T ) O [ e — U et e | =
3 & g 245 ”tﬁo“‘ bl w ik s ) g
= 23.75 AN = 1 RPN -JONURRt | | Wl I T I O O s A G (s o —
S —=o S S
S oS- 24 & ! O S
e 235 | - - S 2 e
=

> o
M~ 23.25 + 1 : 235 4 1 L1 | ] | ~
™~ 4487 4488 4489 4490 4487 4488 4489 4490 '\.
2 time [h] time [h] -

A CB - needle valve 1.77 o CB-FIVR1.77 CB - FIVR - pulse 1.77 ———— CB - FJVR - pulse 2.6

+sshe s+ CB - needle valve 4.68 © -+ CB-FJVR 4.68 @ -« CB-FJVR-pulse 4.68  =++4+++ CB-FJVR-pulse 7.1

noCB - external BYP

Figure 3.20 - Comparison of: a) Joor and b) T, in CB for two locations in the DH network modelledwith
four different control strategies for the bypass fow, with the output for results in steps of 3.6 s.

Figure 3.20 compares the floor surface temperdflug,) in the bathroom and the
return temperature of bypassed wategg)Tor two locations in the DH network (close
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— lower part of the figure and middle distance frilra heat plant - upper part of the
figure) for three modelled variants of the thermatist bypass valve and compares
them with the continuous flow provided by a needéve. First, it can be seen that
the needle valve (triangle marker) results in tlghést floor and return temperatures
after DHW tapping (time h=4488 h), because it deesstop the flow of bypassed
water. Second, although the thermostatic bypasgev@iamond marker) nominal
flow was 50% higher than with the needle valve, dbatgomatic stop function applied
during and after DHW tapping in fact results in evaverage supply temperature and
thus in lower floor surface temperature and lovetumn temperature of bypass water
than with the needle valve, even the volume of bgpd water is still 7% higher. And
finally, there is a negligible difference in thedk surface temperature and the return
temperature of the bypass water between the théatiobypass valve modelled as
continuous (round marker) or pulse flow (squarek@&gras a result of floor thermal
mass. This finding therefore allows us to model phése thermostatic bypass valve
FJVR as a continuous flow without significant irdghce on the overall performance.
This saves computational time, because the simulaif pulse bypass needs time
steps small enough to catch the nature of themitiemt bypass (around 30 seconds)
while other parts of the model can be modelled Vatiger time steps.

3.3.1.5 Specification of modelled cases

We investigated CB solution applied to three lamagiin the DH network, resulting in
different bypass flows and for each of the locatrem applied between four and six
different solutions. The first solution (case 1)svibe reference case, with traditional
external bypass, bypassing the DH water back tdiHenetwork. The second case
(case 2) was solution also with traditional extébypass and without CB, but the FH
in the bathroom was controlled by thermostatic rretealve, installed on the return
pipe of the FH loop with set-point temperature 257@is case was investigated in
order to compare if the traditionally used therratstreturn valve can be used instead
of CB. Both mentioned cases are depicted in Fi@ut8a. The CB solution realised
by needle valve is represented by case 3 (Figui@b3.and the CB solution realised
by thermostatic bypass valve (case 4) is shownignré 3.18c. The case number 5
can be described by the same figure, but it is thgital solution of electronically
controlled thermostatic bypass valve, combining aatizges of needle valve and
thermostatic bypass valve by removing the deadbésdlf-acting controller. Finally,
the last investigated case (case 6) was installaifoCB concept into the directly
connected space heating system with mixing looe Egure 3.18d). Overview of all
simulated cases can be found in Table 3-2, inctudiefinition of nominal bypass
flow rates.
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Table 3-2 - Matrix of simulated cases

o flow [ka/h]
case # abbreviation TS;%t;gB 177 468 036
1 noCB - FJVR yes 4 4 x
2 noCB - external bypass no v v v
3 CB - needle valve yes v v v
4 CB - FJVR no 2.6 7.1 14.0
5 CB - electr. step valve no v v 4
6 CB - FIVR + mixing loop no x 7.1 x

v -simulated x - not simulated

3.3.2 Results and Discussion

3.3.2.1 Floor heating without CB

Figure 3.21 shows floor surface temperaturgl and operative temperatureqgl
(comparable control strategies have the same majkerbathrooms located in close
and middle distance from the DH heating plant myra two-day period for five
investigated cases. It is the reference case withél (case 2 — black diamond
markers), the case with FH controlled in traditiomenner by thermostatic return
valve with set-point temperature 25°C (case 1 y giamond markers) and case with
CB controlled by thermostatic bypass valve, modefier two locations in the DH
network (case 4 - square markers for the custoooaitéd close and circle markers for
the customer located in the middle distance froenhisating plant).

255 - 1.5
25 +
245 -
3
O [
. 24 -9
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©
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4128 4152  time [h]
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@~ CB-FIVR 2.6 Top o~ CB-FJVR 2.6 Tfloor
e==@=== CB - FJVR 7.1 Top w= @e== CB - FJVR 7.1 Tfloor
= NOCB - FJVR 1.77 Top — < = noCB - FJVR 1.77 Tfloor
«+««@--- noCB - FJVR4.68 Top ——- - noCB - FJVR 4.68 Tfloor

occupants at home
Figure 3.21 — T,, and Ty, in bathroom during non-heating period, consideringvarious control of floor
heating system
First, we can see that for the reference case utithbl in the bathroom, o) and Tioor
are almost identical and lowest from the presemises. The floor temperature is
23°C, meaning that there is still possible to iaseethe floor temperature to improve
the thermal sensation of bare feet occupants. ©mtifier hand bor and Top for the
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FH loop controlled in traditional matter by the tm®static return valve is the highest
from investigated cases, having the same perforenananatter of the location of the
user, i.e. the curve are on top of each other.hEurtore, the J; is in the bathroom
for some periods over 24°C and it triggers opemhtipe window if the occupants are
at home (plain violet curve). The window is closeghin when the g, drops below
22°C or the occupants leave the house. The floautyir the FH loop varies to meet
the requirement of 25°C set-point temperature efwiater leaving the FH loop and
for some period during the non-heating season @nmarop below the bypass flow
required to keep the inlet to substation on 35°@muly, for the customer located
close to the heating plant the flow through the d¥bips below 1.77 kg/h for 3% and
for the customer in middle distance below flow 088! L/h for 17% of non-heating
period. The results therefore show that FH corgcblby thermostatic return valve
with set-point temperature 25°C cannot be used fadl aeplacement of traditional
thermostatic bypass to keep the substation readys566. T, and Teor for the CB
concept realised with the thermostatic bypass valepends on the bypass flow,
defined by position of the customers in DH netwarld lies between the reference
case without FH heating and the case with tradallgrcontrolled FH.

3.3.2.2 Floor heating with CB

Figure 3.22(note: comparable control strategies have the samagkers)compares
Thoor In the bathroom of low-energy single-family housgsiated at short (square
markers), medium (circle markers) and long distantgangle markers) from the
heating plant for a two-day period during the neaing season. It shows CB
solutions realised with a needle valve (case 3)thatmostatic bypass valve (FJVR)
with a 3°C deadband (case 4) together with cadeadftional redirection of bypass
flow directly back to DH network ( case 1) and cagéh FH in the bathroom
operated during non-heating period and controllgdhlermostatic return valve (case
2).
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4128 time[h]  415; 4176
O CB - needle valve 1.77 O~ CB-FIVR2.6
e=—=@==CB - needle valve 4.68 «= @= CB-FJVR7.1
emmpe CB - needle valve 9.36 e A== CB - FJVR 14.0
e==@===CB - FJVR + mixing loop 7.1 —— noCB - external BYP
cee®--+ noCB-FJVR 1.77 = & == noCB - FJVR 4.68

occupants at home

Figure 3.22 — Tor during a non-heating period in a bathroom with CB realised with a needle valve or an
FJVR valve
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Looking on the reference case without FH (blackinpleurve), the surface floor
temperature in case of installation of CB solutimcreases by approx. 0.5°C, 1.25°C
and 2°C for the houses located at short, mediuml@rgl distances from the heating
plant respectively, and show negligible differebeéween the bypass flow controlled
by needle valve (solid lines - shades of red) erriostatic bypass valve (dashed lines
- shades of yellow). It can be said, that the fertirom the heat plant is the user
situated, the higher bypass flow needed to keef 38teives and thus has also
higher temperature in the bathroom. Installatio€Bfto the system with mixing loop
has practically no influence on the performance mamed to the comparable case
without the mixing loop (as can be also seen inl§ &k3).
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e=—=@=—=(CB - needle valve 4.68 == @= CB - electr. step valve 4.68
emmp CB - needle valve 9.36 @m Aem CB - electr. step valve 9.36

e OCCUPanNts at home
Figure 3.23 - T during non-heating period in a bathroom with CB redised with a needle valve or
electronic step valve

Figure 3.23 shows alsosohr for CB located in three different places in the DH
network, but compares solutions realised with adleeesalve with the solution
realised by hypothetical electronic step valve,. igectronically controlled
thermostatic valve with reduced deadband, resultindpe same nominal flow rate a
needle valve but providing “stop function” for theater with temperature above
desired set-point. It can be seen that reducingéeinal flow by 50% while keeping
the stop function result in additional reductionT@é,, by 0.1°C, 0.25°C and 0.25°C
in comparison to CB realised with the needle vdbrean thermostatic bypass valve,
as shown in Figure 3.22).

3.3.2.3 Comparison of all investigated cases

Table 3-3 reports the average values for whole hmemating period for all simulated

cases, i.e. from 15 April to 15 November. Comparisb operative, average return
and average floor surface temperature, togethdr laypassed volume and energy
used in the FH confirms that the performance ofGBerealised with the needle valve
(case 3) is very similar to the solution realiseithvthermostatic bypass valve with

3°C deadband (case 4). However, CB realised bynibstiatic bypass solution should
be preferred because of simple adjustment, no ferek-adjustment when the DH
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supply temperature changes during the year andreito shutdown of the CB during
the heating period.

Table 3-3 - Comparison of simulated cases for non-agng period 15/4 — 15/11, i.e. 5160 hours, at aipe of
650 DKK/MWh.

nbominal Top T tour To bypass a\:g:tge energy  energy heat increase CB cost ggspta;z?
case %g\a,lvss avg. avg. a8 oiume output dihvgrsd us:ﬂ " ﬁ\iT?:rI:j (;);mhgﬁfj cusft?)"mer DH
# from FH y company
kg/h]  [’Cl [*C] [C]  [m? W] [kwh]  [kWh] [kwh] (%] [DKK] [DKK]

1 1.77 23.5 24.4 25.2 24.3 97 1212 500 2945 17% 325 -49
: 2 2.6 22.4 22.4 35.0 9.7 0 435 0 2352 0% 0 110
% 3 1.77 23.0 23.0 23.3 9.1 32 430 165 2518 7% 107 -3
§ 4 2.6 22.7 23.0 23.2 9.7 29 435 150 2502 6% 98 12

5 1.77 22.9 22.9 22.9 6.9 22 322 116 2467 5% 75 3

1 4.68 23.5 24.4 25.2 32.6 96 1454 496 2943 17% 322 -199

2 7.1 22.4 22.4 35.0 25.7 0 1089 0 2348 0% 0 97
%‘ 3 4.68 23.2 23.8 24.4 24.1 72 1069 373 2721 14% 242 -151
g 4 7.1 23.2 23.7 24.3 25.7 64 1089 333 2681 12% 216 -119

5 4.68 23.1 23.3 23.8 16.8 46 727 236 2586 9% 153 -90

6 7.1 23.2 23.7 24.4 25.7 63 1089 323 2697 12% 210 -119

2 14.0 22.4 22.4 35.0 50.9 0 2126 0 2348 0% 0 89
E 3 9.36 23.5 24.8 25.8 48.3 127 2110 655 2996 22% 425 -341
§ 4 14.0 23.4 24.6 25.6 50.9 111 2126 571 2919 20% 371 -283

5 9.36 23.3 24.1 24.8 34.0 81 1428 418 2766 15% 272 -213

The CB concept controlled by the thermostatic bgpasve (case 4) results for the
three locations in the DH network in an increasawdrage floor surface temperature
from 22.4°C (reference case) to 23.0°C, 23.7°C&h@°C, respectively. At the same
time, the weighted average return temperature dfaga 35°C for the traditional
bypass operation without the CB concept to 23.2€3, 25.6°C, respectively,
meaning additional cooling between 9.4°C to 11.8%@m the economic perspective,
the customer gained warm floor in the bathroomtf@ additional cost of between
DKK 98 and 371 per year, i.e. a 6% to 20% increashe annual heating demand.
We are assuming heat price of 650 DKK/MWh. Howewsg suggest bill all
customers for the same price, without consideri@rtlocation in the DH network,
because there should be no difference. Furtherthergrice should reflect the fact
that the heat used in the CB would be lost in tlie i2twork anyway if it was not
extracted for in the bathroom floor heating.

The cost of bypass operation for the DH utility fodividual solutions is calculated
for 10 m long service pipe as the heat lost instevice pipe (mass flow of bypassed
DH water * thermal capacity of the water * temparatdifference at the service pipe,
i.e. 50°C, 40°C or 37.5°C — 35°C) minus paymentlierheat from the customer. The
results show that the heat sold for the operatio@® covers in most of the cases
running cost of the bypass in the service pipeslewh the case without CB, the DH
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utility will pay for the running of the traditionddypass solution roughly 100 DKK
during non-heating season.

Further saving potential, mainly for the locatienmiddle and far distance from the
heating plant can be seen in application of eleatrbypass valve (case 5) reducing
the volume of bypassed water roughly by 30% whdeging the inlet to substation in
35°C, but slightly reducing the heat transferrethesbathroom floor.

The CB solution can be substituted by the FH whigrinostatically controlled return
valve with set-point 25°C, however without changihg set-point temperature the
35°C at the inlet to substation it is not guaradtaed the traditional bypass valve will
be activated, resulting in traditional redirectinf bypass water back to the DH
network without additional cooling. The floor swéatemperature will be for the
customers located in close and middle distance tterheating plant higher than in
case of CB, but as well the bill for heating theéhb@om during the non-heating
period.

3.3.2.4 Effect of CB on heat production and distribution

Table 3-3 reported results only from the perspectw individual buildings. The
evaluation of the performance of CB from perspectv DH network was tested on
the example of the low-temperature DH network syipgl 40 low-energy houses in
Lystrup, Denmark [15], seegure3.17. It should be stressed that we adopted omly th
layout of the DH network, while we kept the oridimeuse described previously in
the text. The network was modelled in software Tis®n[56], as a steady state
simulation. The bypass temperature required inbaildings was set to 35+1.5°C,
providing continuous bypass flow representing tbaditions for the CB operated
with a needle valve. However, since the bypasséamn® is only 6% higher than for
the CB controlled by thermostatic bypass valve,asgume that the results are valid
for both cases. The heat demand in every bathnwamset to 30W, chosen as an
average value, on the conservative side consideghagy people are not opening
windows in the bathrooms when the temperature aiseve 24°C and thus the heat
transfer to the bathroom floor is reduced.

As a consequence of applying CB in the buildings, PH water bypassed through
the FH was further cooled by 7.5°C on average (n&f°C, min.: 4°C). The average
return temperature at heating plant drop from 27.% 23.8°C, as can be seen in
Table 3-4 under case B, representing the simulstiath applied CB concept. Case A
represent reference case without the CB, just eatitinuous bypass.
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Table 3-4 — Results from the network simulation withthe application of only the “continuous bypass” (A or
“CB concept” in the summer season (B).

case

difference
A B

Heating Power [kW] (plant) 3.8 4.5 18%
Tsuppiy[°C] (from the plant) 55 55
Trewn[°C] (to the plant) 27.7 23.8 -3.9
Heating Load [kW] - 1.2
Total Heat Loss [kW] 3.8 33 -13%
Heat Loss Supply [kW] 2.25 2.3 2%
Heat Loss Return [kW] 1.55 1 -35%
Heat loss/production [%] 100 72.4 28%

The table furthermore show that the heat loss fteenreturn pipes was reduced by
35%, thanks to the reduced return temperature. Memsince the DH network is
built from the twin pipes and supply and returngpgre in the same casing and affects
each other, there is a slight increase of the leesst from service pipe. The final
impact of the CB concept on the DH network is 13@6luction of heat loss.
Nevertheless the lower return temperature cominght heating plant requires
additional energy input from the heat source, in @ase 0.7 kW, which at the same
time compensated by heat additionally sold 1.2 ldWVheating of CB. However the
additionally needed 0.7 kW represents only 60% hef total heat needed in CB,
meaning that the DH utility should bill the custamenly for 60% and remaining
40% should be free. Applying this discount on tlasec of CB realised with the
thermostatic bypass valve, the price for the irdiigli customers will be between 60
and 220 DKK, depending on their location in the Bétwork, but as it was discussed
before the price should be recalculated to be gamal customers.

Furthermore if the DH utility s from the reducedura temperature to the heating
plant also in terms of energy efficiency (condeiosatboiler, combined heat and
power) or the lower return temperature doesn’tesgnt additional cost (geothermal
heat plants) the price for the heat used in CB Ishio&i additionally reduced.

3.3.3 Conclusions

* Heat loss caused during the non-heating period $#ipguthe traditional
external bypass is reduced by application of “camfmthroom” solution,
redirecting the bypass flow to the bathroom floeating where is additionally
cooled while heating the bathroom floor.

* The bypass flow rate varies for different locationsthe DH network. The

longer the distance from the heating plant, theelothe temperature of DH
water at the beginning of the service pipe and higier the bypass flow
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needed to keep 35°C at the inlet to substatiomltieg in more heat for the
floor heating in the bathroom.

* By application of comfort bathroom concept, thehbabm floor surface
temperature in the reference house increased dtiimgon-heating season
between 0.6 and 2.2°C on average, while the bypassr was cooled from
35°C in case of traditional bypass solution witbrthostatic valve to between
23.2°C and 25.6°C, depending on the location of dhstomer in the DH
network.

« Cooled bypass water returning to the heating pladtces heat losses from
the DH network by 13%, covering 40% of the heatdfarred additionally to
the bathroom floor heating. Therefore the custemshnould pay only
remaining 60% of the heat used in the comfort fwathr during the non-
heating season. Applied on the reference casensfdmperature DH network
with 40 low-energy houses it represents annual lbetsteen 60-220 DKK per
customer. However it is suggested to bill all coses with the same,
averaged price disregarding their location.

* In case the DH heating sources making profit fromduced DH return
temperature e.g. by improved condensation of flaseg, increasing power
generation in combined heat and power plant orrfgaed additional cost with
reduced DH return temperature (geothermal heat)pldns improvement in
should be also regarded in the price for operaifa@omfort bathroom.

* Modelling of bathroom floor heating with pulse andntinuous flow show
that the thermal mass of the bathroom floor redyéin the investigated cases
differences in type of flow and therefore the hieahsferred to the bathroom
floor depends mainly on the flow rate of the bypasser.

e Continuous bypass flow provided with the needleveahstead of traditional
thermostatic bypass valve with deadband reducesdee of constant DH
supply temperature bypassed volume by 30%. Howewesidering changes
of DH supply temperature caused by tapping of DH%ew in fact occurring
many times per day, results negligible differentédypassed volumes caused
by the fact that thermostatic bypass valve clo$es flow when the flow
temperature is above the set-point temperature.

* For implementation of comfort bathroom conceptheréfore suggested use
traditional thermostatic valve because of simpleirggs requiring only set-
point temperature while the solution with needl&/gaequires calculation of
required flow, changing with the location of thesamer in DH network and
changes with changing of DH supply and soil temijpees.
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Considering influence of DHW tapping and changedeimperature of the
bypassed DH water related to the temperature clsangde DH network the
continuous bypass realised by the needle valveotsrecommended. The
optimal solution could be electronically controllétermostatic bypass with
reduced dead band, combining advantage of lowerndsyglow while still
keeping the thermostatic function.

CB concept realised in the typical medium tempeealRH network built from

the single pipes without state-of-the art insulatiproperties will result

compared to the low-temperature DH network in iasesl bypass flow
needed to keep inlet to the substation at 35°C, dtuthe same time in
possibility to save more heat from the return piges to the worse insulation
properties of the DH network. For the customenmséian higher bypass flow
and thus more heat available in the bathroom FH fEgter comfort for

discounted price.
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4 PART Il - SPACE HEATING
SYSTEMS SUPPLIED BY LOW-
TEMPERATURE DH

Part Il investigates the feasibility of supplyingese heating systems (SH) using low-
temperature DH, and is divided into two halves, fhst focusing on existing
buildings and the second on new low-energy builslinglore detail on research
related to existing buildings can be found in I8per [57]. The research related to
low-energy buildings is reported in conference pgpe].

4.1 Existing Buildings

4.1.1 Specific background

Most of the Danish building stock consists of bimggs built around the 1970s, as a
result of a peak in population growth [59]. In whealtows, these buildings are called
“existing buildings”, meant in the sense of a cewpole to low-energy buildings.
Compared to low-energy building, e.g. class 2013] {&th an energy framework of
63 kWh/(nf.a), existing building from the 1970s have consibér greater energy
demand, resulting in a typical energy use of al2@@ kWh/(nf.a). The energy
demand of buildings built after 1977 drops sigrifidy as a consequence of the
building regulations (BR1977) demanding a lower &Jue for construction elements
to reflect the energy crisis in the 1970s [60]. Hoer, existing buildings will
continue to make up a large share of the buildingksfor many years to come and it
is estimated that their share in Denmark in 2030 vé about 85-90% [3]. So the
question arises as to whether such buildings cae woth low-temperature DH with
supply temperatures of 55-50°C and, if not, whatovation measures need to be
carried out on the building envelope and the SHRHAV systems, and how should
the DH network be operated. These buildings arallysaquipped with SH and DHW
systems designed for supply temperatures of ar@0AG or higher, so a reduction of
DH supply temperature would be expected to causeodifort for the occupants. So
one possible solution is to operate the DH netwatk a supply temperature of 50°C
for most of the year and increase the DH supplypemature only during cold periods.
However, once the DH supply temperature drops b&6#C, the DHW substation
needs to be replaced with a low-temperature versismliscussed in chapter 3.1.2).

Reduction of DH supply temperature

From the perspective of occupants, the DH supphptrature can be reduced as long
as it does not violate their thermal comfort. Tine®ds to take account of the fact that
occupants tend to maintain an indoor temperaturg26€ rather than 20°C [7] and
should focus on the operative temperature rathaar the air temperatures sometimes
experienced. This is important, especially in oldauildings where the low
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temperatures of inner-surfaces of the construdiere a big influence on the thermal
comfort of the occupants. From the perspective éf, Ehe maximum hydraulic
capacity of the DH network and the availabilitytbé heat sources that can provide
peaked DH supply temperature during cold perio@sirie be considered.

However, the maximum supply temperature needetlerSH systems can be further
reduced by improving the building envelope or bglaeing the original SH system
with a low-temperature system extracting more Ihgabetter cooling of DH heating
water. From the long-term perspective, the prefeselution is to reduce the heat
demand by improving the building envelope, but tluthe investment cost not every
house owner is willing to do this. Replacing the Sy$tem is a cheaper and faster
solution, but it does not bring any energy savinggist allows existing buildings to
be supplied by DH with reduced supply temperatuiRRefurbishment measures
carried out on existing houses vary from no meas(oeiginal state) to extensive
renovation, including replacing the windows andlveald roof insulation. Replacing
the windows is the most typical refurbishment, lbseathe window lifetime of 30
years has passed and a relatively small investbrergs considerable heat savings.

However the renovation of existing buildings shob&dseen from the perspective of
the integration of renewable sources of heat wimebds to be built before 2035
because it is cheaper to refurbish the existingdimgs as fast as possible to reduce
their peak capacity and thus also the investmestsctor low-temperature DH.
Subsidies for the building refurbishment could Iberéfore from the long-time
perspective advantageous [61].

4.1.1 Methods
The feasibility of integrating existing buildings low-temperature DH with a design
supply temperature of 50°C was modelled in the aded level of the IDA-ICE
program, version 4.22. The approach applied wadoweer the original supply
temperature curve (i.e. dependency of the temperawpplied to the space heating
system on the outdoor temperature) of the spacengesystem until the operative
temperature indoors drops below the desired valgtioer 22°C or 20°C. We chose
a 157n single-family house built in 1973 as a typical resentative of the Danish
building stock. The house was part of a Realeavaian project to investigate the
reduction in energy demand for refurbished houses fthe 1970s and the project
reported enough information to develop and verifmadel of the house [12], [62].
The house was modelled as a multi-zone model withdhes, each representing one
room. The difference between the measured and meddéleat demand for the
reference case of the non-renovated house wa2dHy.

First we dimensioned the SH system with radiatorddmperature levels of 70/40/20
(supply temperature, return temperature, air teatpeg) based on DS 418 [63] to
cope with a constant outdoor temperature of -12fowt internal or external heat
gains. We chose the air temperature as design tampe with a view to evaluating
the influence of the system when later operatedh wiperative temperature. The
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nominal heat output of real radiators [64] was emogas close as possible to the
dimensioned values. The more over-dimensioned #iators are, the more the

supply temperature can be reduced, which meansntiael would not reflect the
design conditions.

Then we included the heat gains expected from aouspand equipment (4.2 Wim
constantly) [58] and ran the model with the Dardskign reference year weather file.
By step-by-step lowering of the supply temperaforevarious outdoor temperatures,
we defined a supply temperature curve for the Sstesy. To maintain the same
hydraulic conditions in the DH network we limitdaet maximum flow rate from the
DH network to the value defined originally for tliesign conditions of radiators
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Figure 4.1 - Construction of weather-compensated gply temperature curve for non-renovated house, set
point temperature 22 °C.

Figure 4.1 shows flow of heating water needed ean3$iH system for linear and non-
linear supply temperature curve. It can be seert timmsidering the supply
temperature curve as linear results in non-unifaree of DH capacity (blue
diamonds) and since the flow is many times aboeelOHh flow limit (based on the
design conditions 264 L/h), it will be needed tortlier increase the supply
temperatures to reduce the maximal flow below ihat. However, defining the
supply temperature curve with at least one additipoint results in equalized use of
flow capacity of the DH network and thus reducihg tsupply temperature to the
minimal possible values. The additional points lo@ supply temperature curve were
found by continuous adjustment of the supply te@ee curve for various outdoor

temperatures until the actual flow in the SH systgproached close to the hydraulic
limit of the DH network.

Non-linearity of the supply temperature curve igsed by the thermal capacity of the
building. Even the outdoor temperature rises ang thives signal to reduce the
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supply temperature to the SH system, the buildiitigkeeps the “cold” accumulated
from the previous period and it takes some timéng¢at up this mass to the new
thermal condition. An alternative solution to defithe supply temperature curve by
more than two points is therefore “delay” in redoictof heating supply temperature
for the periods when the outdoor temperature is@eaWe chose time delay of 6
hours and this condition is in further text callegSHIFT.

We also investigated case with supply temperatumgteld to 70°C, resulting in
maximal flow rate increased from designed 264 082 L/h. This condition is
denoted “HIGHFLOW” and represent condition when id network has enough
reserve in capacity to increase the flow. In rgalitis condition is very relevant
because the DH networks are usually built with cédpaeserve up to 30% [65].
Possibility to increase the maximal flow in the Sibstem depends on the design
conditions for the system, but for the case of stigated house it doesn’t represent
problem [57].

Using the same approach, the supply temperatuve euais also defined for the house
with the original windows replaced around the y2@®0 with standard ones and for
the house with low-energy windows and additionafigulated ceiling. Table 4-1
reports the complete list of simulated cases.

Moreover, for all three building states, we invgated replacing the original radiators
(designed for conditions 70/40/20) with low-tempera radiators (designed with
condition 50/25/20), with the same projected alrd,deeper (increased number of
convection plates). Finally, we also investigatedluence of milder outdoor
temperatures then defined in Danish design refergear but considering the supply
temperature curve defined for Danish design refaxgmear. The outdoor temperature
used is the outdoor temperature measured in 2008gdRealea project [12].

4.1.1 Results and Discussion

Figure 4.2 shows the supply temperaturgf) curves needed for the SH system to
maintain an operative temperature,gjTof 20°C and 22°C for the typical single-

family house from the 1970s according to the nuoa¢rsimulations. The curves

represent results for the building in three différstages of envelope refurbishment
and include the option of the installation of logwiperature radiators (LT). The

maximum flow in the DH network and the SH systemexseeded only in the case of
“HIGHFLOW”.
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Figure 4.2 — Supply temperature curves for all theases investigated. LT — low temperature radiators,
HIGHFLOW — hydraulic limit of SH system and DH network increased to 400 L/h, T,;SHIFT — 6 hours
time delay when the T, increases

Figure 4.2 shows that reducing the desired settpdiaperative temperature,plfrom
22°C to 20°C reduces the maximum supply temperateeeled by about 5°C for non-
renovated and house with new windows and by 4°@x%¢ensively renovated house.
Installation of low-temperature radiators with g@mne projection area, just with more
heat transfer plates (numbers in dashed rectangie®es possible to keep 22°G, T
while compared to 20°C further reduces the maxinsupply temperature needed by
6°C for the non-renovated house, by 3°C for theskowith new-windows, and by
3°C, i.e. down to 50°C for the extensively renodateuse.

Increase of flow limit to 432 L/h while keeping tbeginal radiators in case of non-
renovated house means reduction of maximal sugphpérature from 78°C to 70°C
and reaching the value of 50°C supply temperatirea@dy for outdoor temperature
3°C instead of 5°C.

Figure 4.3 reports the duration of the period @ncgntage of hours during the year)
when the supply temperature needed to be increaged 50°C for all the cases
investigated. The house with new windows can belgg with low-temperature DH
at 50°C and maintain an operative temperature &€ 2@r approx. 83.5% (see Figure
4.3; 100 — 16.5%) of the year and needs a maxinupplg temperature of 67°C (see
Figure 4.2).
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Figure 4.3 — Percentage of hours during a year witeupply temperature higher than 50°C; case non-
renovated ODUM represents conditions with real wedter data input

The increase in the DH supply temperature abov€ 6®heeded only for 1.6% of the
time (140 hours). This result is based on an operademperature of 22°C as a
realistic temperature desired by customers. Theatipe temperature of 20°C, which
is usually used for energy calculations, meang#red with DH supply temperature
increased above 60°C drops to 18 hours (0.2%) lmmdhbximum supply temperature
drops to 62°C. However, considering 22°C as astaloperative temperature desired
by customers is crucial for a proper evaluatiohef feasibility of supplying existing
buildings with low-temperature DH. Underestimatiai the desired operative
temperature will result in underestimation of theximum supply temperature
needed, and therefore in complaints from customéksth the additional
improvements on the building envelope, such as doergy windows and ceiling
insulation (i.e. extensive renovation) and thealtation of low-temperature radiators,
DH with a supply temperature of 50°C will ensuré@aperative temperature during
the whole heating season.

Keeping the supply temperature curve linear butlyagix hours delay for the
calculation of new supply temperature when the @atdemperature increases lead in
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reduction of maximal water flow in SH system from original 432 L/h (flow in SH
system for T, set-point 22°C) to 280 L/h, which is fairly comparable with the design
limit of 264 L/h, but the period with supply water temperature of 50°C-60°C is
increased by 12% (from 41% of the year to 46%).

The limitation of supply temperature to 70°C and allowance of maximal flow 432 L/h
resulted in decrease of period with supply temperature over 50°C by 30% (from 41%
of the year to 29%). Applying the real weather data input resulted in reduction of
hours with supply temperature over 50°C by 10% (from 41% to 37% of the year).

Table 4-1 compares the annual heating demand, the maximum heat pewgr (P
needed for SH system (equal to the heating power delivered by DH system), the
maximum supply temperature needed, and the average return temperature (TRW)
from the SH system for all the investigated cases. It can be seen that the light
(replacement of windows with standard ones) and extensive (low-energy windows
and ceiling insulation) renovations reduce in comparison to the non-renovated
building the maximum heat power needed for the SH system by about 21% and 45%
respectively while the annual heating demand by 25% and 50% respectively. The
percentage reduction of maximal heat power and annual heating demand are not the
same and therefore the reduction in annual heating demand can be used only as a
rough estimation for the reduction in peak heat power. Both values are usually needed
in relation to the connection of refurbished buildings to the DH network.
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Table 4-1 - Comparison of heating demand, peak hegbower (P,.) and weighted average return
temperature (TRW) for all the cases investigated.

internal heat a heating Prax heating
Toperative gains Tsupmax  RAD Pmax  TRW demand reduction dema.nd
reduction
[°C] [W/m?] [°C] [kW]  [°C] [MWh/a] [%] [%]
non-renovated house - basic
20° 0 70.0 o) 9.2 37.6 X - -
20 0 70.0 O 9.4 40.2 X - -
20 4.18 73.0 @] 9.9 30.1 20.0 - -
22 4.18 78.0 @] 10.5 32.9 24.6 -6% -23%
22 4.18 67.3 LT 10.5 27.6 24.6 -6% -23%
non-renovated house - advanced
2% 4.18 70.0 o 10.5 35 245 0% 0%
2 4.18 78.0 ] 10.5 33.1 24.6 0% 0%
2% 4.18 78.0 @) 7.8 325 21.7 25% 12%
light renovation - new windows
20 0 70.0 O 1.7 33.0 X
20 4.18 62.0 @] 7.8 27.1 14.9 21% 26%
22 4.18 67.0 @] 8.3 30.4 18.4 21% 25%
22 4.18 59.0 LT 8.3 25.7 18.4 21% 25%
_exensierenovaton
20 0 70.0 O 5.8 28.2 X
20 4.18 53.1 O 5.47 24.7 9.9 45% 50%
22 4.18 57.0 @] 5.80 28.1 12.4 45% 49%
22 4.18 50.0 LT 5.82 24.1 12.4 44% 50%

& O = original radiators, LT = low-temperature i@dirs
b dimensioned on the basis of air temperature

: maximum flow limit increased to 432 L/h

: time delay in DH supply temperature control

. simulated with “measured weather data input”

[}

d

e

Applying the weather file measured in the real tmoaof the house in 2009 for the
non-renovated house reduced the maximum heat pogeted for SH by 25% and
the annual heating demand by 12% in comparisonyaygpthe DRY weather file.
The consequences of using air temperature insteayperative temperature when
designing a SH system are shown to be 0.2kW at peak output, which is seen as
marginal, both for the SH and the DH system. Howewesing an operative
temperature of 20°C instead of 22°C during theglephase leads to underestimation
of the DH connection heat power for SH and wouladléo people feeling thermal
discomfort and asking the DH utility to increase H supply temperature.
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With regard to the DHW system, once the DH supeiggerature drops below 60°C,
it will always be necessary for the original DH station for DHW heating to be
replaced with a specially designed low-temperaRifesubstation — depending on the
original design, either one using the instantangouxiple of DHW heating or one
with a storage tank for DH water (discussed inieac8.1.5). The existing DHW
pipes will also need to be replaced with new pipegerably with dimension DN10,
to fit the requirement that the overall volume WY pipes is below 3L.

4.1.2 Conclusions

» Single-family house built in 1970s, representing typical example of Danish
building stock, can be heated by DH to indoor terapee of 22°C during
whole year without compromising thermal comfortexceeding the design
flow rate in the DH network and without any renosatmeasure if the DH
supply temperature is raised above 60°C for rou§bbyof year (700 hours).
This result shows that even under these unfavoairedohditions it is possible
to decrease the DH supply temperature for conditkerperiods during the
year.

* In reality, most houses from the 1970s have alreagyaced their original
windows, which mean that the maximum value anddimation of increased
DH supply temperature can be further reduced. Inexample, it means a
reduction from 8% to only 2% of hours in the yedrew the temperature is
above 60°C.

* By installing low-temperature radiators (with thenge projected area as the
original ones), the maximum supply temperature lbarreduced further to
59°C so that there is no period with a DH suppiygerature over 60°C. The
same supply temperature curve is also valid for ¢kensively renovated
house (new low-energy windows and attic insulatiaith the original SH
system. If the extensively renovated house alsdacep its space heating
system with low-temperature radiators, it can thersupplied all year around
with a DH supply temperature of 50°C.

* The duration of periods with a DH supply temperatabove 50°C is reported
for an operative temperature of 22°C to model &staset-point temperature
preferred by occupants. The durations for an operaemperature of 20°C
will be shorter.

* Reduction of the DH supply temperature to below@®@bdes require changing
DHW heat exchangers to special low-temperature leahangers and
traditional DHW storage tanks to low-temperature Ditbrage tanks.
Therefore DH utilities should start require replaemt of existing DH
substations with low-temperature DH substationsaaly today, because this
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will ensure that in 20 years (the typical lifetimea DH substation) all newly
installed DH substations will be ready for low-tesngture DH.

* The DH supply temperature curve needs to be defigadore than two points
ensuring optimal use of flow capacity of the DHwatk and thus minimal
DH supply temperature. Operation of DH network oweér than maximal
flow capacity will result in higher heat losses gubr cost-effectiveness. The
alternative solution to non-linear supply tempemataurve is linear supply
temperature curve with time delay in increase @ipdyitemperature when the
outdoor temperature increases.

« The supply temperature curve can be further shifteldwer temperatures if
the maximum guaranteed DH flow rate is increaseth widditional head
pressure from pumps in the DH network. This is doeated in the example
of the non-renovated house where the maximum suppiperature decreased
from 78°C to 70°C while the annual weighted averagiirn temperature
increased only by 3°C. This solution will therefonake it easier to integrate
renewable sources of energy, but the impact on Btarks needs further
investigation.

* The consequences of using air temperature insttagherative temperature
when designing a SH system were shown to be maydpath for the SH and
the DH system. In reality, the radiators will teta be over-dimensioned
because the designers want to be sure that thensystovides enough heat
and this will make it possible to use slightly loveeipply temperatures. Over-
dimensioning of the DH network by 20-30% is alsgeoted and this will
contribute to better integration of existing buiigs into low-temperature DH
networks. However, we cannot rely on the over dsiring.

« Percentage reduction in the heating demand isheosame as the reduction in
peak heat output. Light renovation results in a 2&%uction in heating
demand but only to 20% reduction in peak heat dutpimilar is valid also for
extensive renovation, with 50% and 45% reductiorhedting demand and
peak heat output respectively.

* The heating demand of existing buildings is expkdtedecrease linearly to
50% of its present value by 2050. This reductioheating demand, however,
will cause no difficulties, if the present DH coptes changed to low-
temperature DH. The low-temperature DH conceptl sébuires further
optimisation, and more work is needed on DH netwdm&ign and operation to
take into account the integration of renewable sesiof energy, but the low-
temperature DH concept can be introduced alreadgytdecause existing
buildings do not represent such big problems astigve been expected.
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4.2 Low-Energy Buildings

The content of this chapter is based on the pegewed conference paper “Optimal
Space Heating System for Low-Energy Single-Familguse Supplied by Low-
Temperature District Heating” presented at the iPAss Norden 2013 conference.
However, it was found that the model for openinghaf windows was set incorrectly,
resulting in no window opening and thus overheatimthe building. As result of this
mistake, the set-point temperature activating §pabsing of the heat recovery unit in
the ventilation system was reduced to 16°C to prewwerheating of the building.
Overheating was reduced but the heat demand ireddag 25% compared to case
with the right input parameters. The article itsslfnot part of the thesis, but the
methodology used was correct and the thesis reffertsorrected results.

4.2.1 Specific background

As shown in chapter 2.3, low-temperature DH is -&ftient for low-energy houses
thanks to the reduced heat losses from DH netwieok.this purpose the heat loss
from DH network can be defined as difference betw#de heat sent to the DH
network from the DH heating plant and the heat cored by the customers, i.e. their
heat demand. If is the heat demand of the buildregsiced, as it is in case of low-
energy buildings, the share of the heat losses étmetwork is increased and thus
increases the price of the heat for the custonmedseduces cost-efficiency of the DH
network. In addition to that, the cost-efficiencly@H network is related also to the
connection heat power, i.e. the maximal heat outgguired by the customer,
defining dimensions of the DH network and thus tethe heat loses from the DH
network also the investment cost for the pipessapel of the heat sources.

Estimated heat demand and connection heat poweendspon set of input
parameters, being mainly represented by:

* internal heat gains - from the occupants and eqgeiim

* desired indoor temperature

* space heating system and principle of DHW heatingly for connection heat
power

Expected heat demand of the buildings

Heating demand is in general influenced by the woosBon of the building, the

outdoor and desired indoor temperature, and inteand external heat gains. The
internal heat gains and indoor temperature are knimnhave considerable influence
on the heating demand of the buildings and thisontgmce is even higher when
considering the low-energy buildings.

In Denmark all new buildings are divided into theergy classes based on the
expected annual energy demand calculated with #tenal tool BelO [66]. The

annual energy demand for the residential buildinggers the energy needed for
heating, cooling, running of HVAC systems (fansmms, etc.) and heating of DHW.
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The values suggested for calculation of the enetggs are internal heat gains 5
W/m?, desired operative temperature of 20°C, and enesgy for DHW of 13.1
kWh/nf.a (based on 250L/a.m2 and a temperature lift fi@?C to 55°C). These
values, however, are meant to be values for comgpahe energy performance of
different buildings and not treated as values otifig the realistic heating demand of
the building. Nevertheless, many engineers taksethelues as an input for the
calculation of the expected energy use of buildings

So it is not surprising that the real energy demiankigher than the one originally
calculated. The reason is simply that the peopetins house in different way than it
was assumed for the energy calculation, or to beempecise, the energy calculation
used input values different from the realistic onéke buildings are built for the
occupants and therefor the focus should be puhem heeds. Report from Lystrup
project [7] documented that the occupants tend amtain an operative temperature
of 22°C instead of 20°C, according to [67] the sgilgd value for DHW use is 20
kWh/(n.a) instead of 13.1 kWh/fMmand the improved energy efficiency of currently
used equipment reduces the internal heat gainsSrownt to 4 W/nf [68].

However, the problem is not just the disillusion afilding owners on receiving
higher energy bills than promised; underestimateating demand negatively affect
cost-efficiency study on the suitability of usirfgetDH in investigated area.

Connection heat power

Connection heat power of the house is given byrimtton of maximal heat power
needed for space heating and DHW heating, beiny eansideration of individual
simultaneity factors the base for dimensioninghef DH network [8]. The following
text focuses only the connection heat power forstheece heating, without considering
addition from DHW preparation.

The needed heat output for SH system is in Denrbasked on the dimensioned heat
loss of the building, calculated in accordance vgthndard DS 418 [63], for an

outdoor temperature of -12°C, an indoor operatieenpgerature of 20°C, and

excluding internal and external heat gains. Thisp$e approach makes the
calculation very simple but since the approach dveflect internal heat gains,

changes in outdoor temperature and building mass éxpected to result in over

dimension of the space heating system and thugasitrg connection heat power
needed for connection of the building.

Wrong input values can result in incorrect resoltcost-efficiency study and thus
stop DH project which will be in reality economilyaviable and thus their proper
estimation is very important when analysing ecori@asibility of any DH network.

We therefore investigated how much the annual hgademand in the low-energy
house changes when considering more realistic ippuameters for internal heat

! Based on expected DHW demand 800 kWh/a.persoepgl@in 157rhhouse
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gains and desired indoor temperature and how mbitieaconnection heat power of
the space heating system based on the traditiomendioning approach is used in
reality.

4.2.2 Methods
The influence of internal heat gains and desirelban operative temperature on the
maximum heat output needed from the SH systemlandrinual heating demand was
investigated in IDA-ICE software [55] on examplesirigle-family house with 159m
[29] build in accordance with low-energy class 2Q%3]. The house was built as
multi-zone model (12 rooms = 12 zones) and themgqulan is shown in Figure 4.4.
We chose to implement space heating system witlatead and dimensioned them
for temperature levels 55/25/20 (supply, returnerafive temperature) for the
conditions in accordance with the standard DS 4B3. [This case is in the text called
“design case”, denoted later in the text as “d€'sign
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Figure 4.4 — Ground plan of 159rfsingle-family house built in IDA-ICE

The ventilation system was designed on the basi8R10 requirements [53],
resulting in a total air flow 60L/s for the suppéyhd 60L/s for the exhaust. The
performance of the heat recovery unit in the vatitih system was based on the long
experience of a building company [69] set to 76%geting the requirement of
minimal heat recovery efficiency of 75% definedBR10 [53]. The heat recovery
unit starts to partially bypass the air (frost paiton) when the temperature of the
exhaust air after the heat recovery drops below. TP temperature of the air
supplied by the ventilation system was 4°C belogvdbsired temperature set-point in
the room, i.e. 16°C and 18°C for an indoor tempeeatof 20°C and 22°C,
respectively to prevent the risk of cold draught tfte occupants. For periods when
the supply temperature of the air after the heatwery dropped below 16°C or 18°C
a heating coil in the ventilation system was ad¢éda The heating coil was
dimensioned to lift the air temperature from -158C16°C, i.e. without taking the
heat recovery unit into account.

To investigate the influence of various modellifgnternal heat gains and increase in
desired indoor set-point temperature we performeaual simulation with Danish
Design Reference Year (DRY) weather file and defifeur cases, which are all
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listed in Table 4-2. The internal heat gains wast modelled as a constant value of 5
W/m?, i.e. in accordance with the values suggestedeitOBrepresented by case “A”.
Then we defined our own schedule of internal heanhgy reflecting reduced heat
output of home appliances, resulting in averageston value of 4.18 W/m
represented by case “B”. The next modification wasinvestigate influence of
modelling the internal heat gains not as averagaatimuous value, but as real
intermittent activities, changing over the time efdéfore we make case “C” giving on
weekly average the same value of internal heatsgas case B, but changing
intermittently due to the hourly schedule. The sithes for the activities are shown in
Appendix and in [58]. The last case “D”, investgmtchange in desired indoor
temperature from 20°C to 22°C.

Then we compared the maximum heat output and amatuah temperature from the
SH system, heating demand and length of spacenggariod.

4.2.1 Results and Discussion

4.2.1.1 Connection heat power

Table 4-2 show influence of various modelling ofemmal heat gains and desired
indoor temperature on connection heat power negdedthe DH system for the SH
system for all investigated cases. For easier t@iem, colours express magnitude of
the value or the difference compared to the desage, lowest (green) and highest
(red), in each column.

It can be seen that the SH system based on tmaaitthmensioning due to DS 418
(design case), needs 5.2 kW heat connection paneuding heating coil for air).
The radiators were chosen very close to the reguimensioned heat output, which
can be seen from the return temperature of 25°C.

Table 4-2 — Connection heat power for space heatirgystem (radiators, heating coil and total) and arumal
return temperature from the radiators for all simul ated cases

Internal Heat Gains Connection Heat Power for SH T
return
) radiators heating coil Total annual
§ 2 Top from
[W/m?] type max. heat g | M heat output g | Mmax. heat (%] radiators
output [kW] [kW] output [kW] [°C]
design 0 - 20 2.9 0% 2.2 0% 5.2 0% 25
A 5 constant 20 2.2 -26% 1.2 -44% 3.4 -33% | 20.5
B 4.18 constant 20 2.3 -21% 1.2 -44% 3.6 -31% 20.6
C 4.18 scheduled 20 2.8 -5% 1.3 -43% 4.0 -22% 21.2
D 4.18 scheduleg 22 2.9 -1% 1.3 -43% 4.2 -19% | 23.7

Running the simulation for whole year with DRY wat file and continuous internal
heat gains 5 W/frepresenting the values from Bel0 (case “A”),rtreximal needed
heat output from the heating system drops by 33%.40kW. The radiators have
reserve in the heat output of 26% and the heatgld%. The over-dimensioning is
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result of the fact that the radiators were desigmiglal constant outdoor temperature of
-12°C and the heating coil for air was dimensiof@doutdoor temperature -15°C
without consideration of heat recovery and bothleding internal heat gains. The
44% over-dimension of the air heating coll is taee for all investigated cases.

Reducing the internal heat gains from 5 \W(gase A) to 4.18 W/f(case B) results
in only 5% increase of the maximal heat outputti@r radiators, while modelling the
internal heat gains as intermittent (case C) resaltoughly 16 and 21% increase of
the heat output needed for the radiators compardiget cases modelled with internal
heat gains as constant values of 5 Wand 4.18 W/rh The increase of desired
indoor temperature from 20°C to 22°C has in congoariwith the case C almost
negligible importance (1%).

Modelling the internal heat gains with reduced eadnd intermittent profile increases
the annual return temperature from the radiatorgimmaly by 0.7°C, meaning no
practical influence. Setting the desired indoor gemature from 20°C to 22°C
increases the annual return temperature in congatis case A by 3.2°C, but the
value is still below the design value of 25°C. testingly, the heat output from the
radiator system designed on the basis of dimensjoheat loss for DS 418 with an
indoor temperature of 20°C has roughly the samaevak the heat output needed in
case “D” for 22°C and reduced internal heat gameaning that even the indoor
temperature is increased and the internal heas gattuced the space heating system
designed in accordance with DS 418 is still abldeliver requested comfort.

Comparing the heat connection power to the DH ¢aled for overall SH system
based on the standard dimensioning approach wathetbults of more realistic cases
“C” and “D”, the original value 5.2 kW decreased by and 1.0 kW, which is a
decrease of approx. 20%. However the 20% redudBooaused only by over-
dimension of the air heating coil in the ventilatigystem. The fact that in the
traditional DH networks the connection power fog BH system is usually increased
by another 20-30% results in total 50-60% over-disi@ning of the SH connection
power than really needed. On the one hand, oveeqiioning ensures free capacity
to provide customers with needed heat and makeshp@sonnect more customers,
but on the other hand it results in unnecessaailyd DH pipes with higher heat loss,
which is contrary to the philosophy of the low-tesngture DH concept. Over-
dimensioning the connection heat power leads tal médiigher heat capacity of the
heating plants and thus further increasing thestnaent.

4.2.1.2 Annual heating demand

Contrary to the reduction of connection heat pogeermaximal heat output of the

space heating system), lower internal heat gaind higher desired indoor

temperature increases the annual heating demaniémgith of the heating period (see
Table 4-3).
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Table 4-3 — Heating demand, length of heating periodnd annual return temperature from space heating
for all simulated cases

Internal Heat Gains Heating Demand )
% T . heating ; hea_tlr:jg
8 [W/m?] Type op radiators coil total increase pe”(;h
[kWh/a] [KWh/a] [KWh/a] [%] [month]
01 0 - 20
A 5 constant 20 2810 138 2948 0% 5.9
B 4.18 constant 20 3386 139 3525 20% 6.2
C 4.18 scheduled 20 3519 138 3657 24% 6.3
D 4.18 scheduled 22 4461 186 4647 58% 7.3

Reducing the constant internal heat gains from Bn2ito 4.18 W/m2 results in
considerable increase of the annual heating derbgnd0% and extension of the
heating period by 0.3 month, i.e. around 8 daysd®éling the internal heat gains
intermittently based on the detailed schedule,ltesn an additional 4% increase in
the heating demand and 5 days extension of thenggatriod, meaning some but not
really important increase. But increasing the @ekindoor temperature from 20°C to
22°C results in an additional heating demand of 2&#6ch is in accordance with the
results of Tommerup [68] and Olsen [70]. Compatriinig result with the reference
case based on BelO values, the heating demanasecrdy 58% and heating season
by 42 days (1.4 months). Table 4-4 — influence BVIDon total heating demand

Annual heating demand

2 DHW SH & DHW
O

[kWh/(m?.a)] | [kWh/a] | [kWh/a] [%]
A 13.1 2083 | 5031 0%
B 20.1 3200 | 6725 | 34%
C 20.1 3200 | 6857 | 36%
D 20.1 3200 | 7847 | 56%

Adding also more realistic demand for DHW heatisge( Table 4-4) than the values
defined in BelO calculations will not additionatthange the percentage increase of
annual heating demand for case “D”, but it willther increase the absolute amount
of heat sold to the customer, which is a considerdlfference from the perspective
of both customers and the DH company which shoelddflected in the feasibility
studies for DH networks.

4.2.1.3 Heating demand load

The heating demand load on the DH network is smémthall the cases simulated,

without large oscillations (see Figure 4.5). Thasan is the control of each radiator
by individual thermostatic valve with the thermdistdnead (in IDA-ICE modelled as

proportional controller), which reacts immediately changes of heating demand in
the room. However, this is not the case for floeating, which is usually controlled
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by on/off valves resulting in rapid oscillations heating demand from the DH
network [58], not shown in the figure.

2,5

2,0 a

1,5 <

1,0

heat power [kW]

0,5

0,0 T T 1
48 72 time [h] 96 120

A; 5W/m2; 20°C B 4.2\W/m2; 20°C
e C: 4,.2\W/m2-scheduled; 20°C D; 4.2 W/m2 - scheduled; 22°C

Figure 4.5 — Heat load on DH network from SH systerwith radiators (excluding heating coil)

Figure 4.5 shows the difference in heating demaeedded for the space heating
system modelled with continuous internal heat gémases A and B) and scheduled
(cases C and D). It can be seen that comparecetaviraged continuous value the
heat output needed for scheduled internal heasgssaillates + 0,8 kW, but from the

perspective of the DH network these oscillatioresraggligible.

4.2.1.4 Air heating coil

The heating coil covers only a small part of thatimgy demand, only around 4%, but
still needs to be installed. For exhaust air witiermperature of 20°C, a heat recovery
unit with 76% thermal efficiency can heat up outdaw to 15°C (air supplied in the
rooms is expected to gain 1°C from the fan and beats in the distribution pipes)
theoretically with a minimum outdoor temperature-018°C, or if it has a thermal
efficiency of 85%, with an outdoor temperature &G. However, in reality the heat
recovery unit should activate frost protection,tiadly bypassing the inlet air when
the temperature of the outlet air drops below 1#ich means that the heating coil is
already needed for an outdoor temperature of -2ftC-&°C for recovery efficiencies
of 76% and 85%, respectively. It might be possiblaise an additional pre-heater
inserted before the heat recovery, e.g. suppliedeyrn water from the radiator
system, but this system was not investigated.

Regarding limited heating demand of the heatindlmai its high connection heating
power, it is suggested to use electric heating @her than hydronic heating coill,
because this would reduce the heat connection pbw&r2 kW, investment cost and
complexity of the SH system. It is true that frone perspective of exergy this is not
an ideal solution, but on the other hand recentesses in the share of RES for
electricity production are slowly changing the mset in favour of electric heating,
making this solution more acceptable. However, howd be stressed that for
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electricity use, a primary factor of 2.5 should dggplied, and not 0.8 as for DH,
meaning possible problems with fulfilling energyarfte of BR10 regulations [53].

This solution should be preferable mainly for h@uséth DHW heated in DH water

storage tank, because it considerably reducesdbdea connection power. But the
benefit will be in the network seen also for houath substation with instantaneous
heat exchanger.

4.2.2 Conclusions

Internal heat gains reduced from 5 V¥Am 4.2 W/n? due to higher efficiency
of the house equipment results in approximately Z0&sease in annual
heating demand. Indoor temperature set to 22°@ansbf 20°C representing
value preferred by the occupants results in additi@7% increase of annual
heating demand. Together it is approximately 60étease of expected annual
heating demand compared to the values suggestBe 18

Modelling internal heat gains as intermittent iasteof continuous averaged
values resulted in negligible increase of annuatihg demand but in 16%
increase of maximal heating output needed fronstaee heating system.

Space heating system traditionally designed basddS418 for 20°C desired
temperature fits very well required heating outpeded for the most realistic
case of daily living, i.e. 22°C desired temperatangl reduced internal heat
gains. The annual return temperature increases9 3but it is still below
designed return temperature 25°C.

Documented higher value of expected annual heatergand will improve
economy of DH feasibility studies and thus make mbre competitive to the
alternative individual heating solutions.

Space heating system with low-temperature radiasupplied by low-
temperature DH provides required thermal comfont émcupants while
keeping the heating load on the district heatingvagk smooth, without high
oscillations. However modelling the internal heaing as with intermittent
profile based on the hourly schedule varies theiahimneating load £0.8 kW.

Considering defrosting of the heat recovery unitirdy very could outdoor
temperatures requires to equip the ventilationesgsivith air heating coil to
ensure that air supplied to the rooms will be inrsgocase maximally 4°C
lower than required indoor temperature and thus ptprmwith high
requirements for comfort.
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5 GENERAL CONCLUSION S

The following paragraph gives answers to the hypsithdefined in chapter 1.3. More
detailed conclusions are at the end of each dedicdtapter.

General conclusion

In general, it can be concluded that both low-eypengd existing buildings can be
supplied using low-temperature DH with a supply penature of 50°C and still meet
the requirements for DHW and thermal comfort if thél substation, the DHW

system and the space heating system are designkdvfbtemperature operation. The
DHW systems designed for low-temperature operatiasure delivery of DHW with

desired temperature, in time comparable to tradhtidH and without increased risk
of Legionella. However, to ensure the requiredrtr@drcomfort for the occupants in
existing buildings while not exceeding the desigfled and return temperatures of
DH water, the DH supply temperature should be ewed above 50°C during cold
periods, whose length will be defined by the spdsating system and the
refurbishment measures carried out on the building.

DHW heated by Low-temperature DH

Based on the literature study is concluded thatDR&V temperature can be below
60°C without increased risk of Legionella if theeoall volume of DHW is below 3L.
This finding sets the rule for designing the DHWsteyns supplied by low-
temperature DH.

The laboratory tests confirmed that a low-tempeeadH substation supplied with
50°C warm water can produce required 47°C warm DHWile cooling the DH
water to 20°C. However, developed numerical modebanting for the influence of
the service pipes showed that the delivery tim®H##V is highly dependent on the
stand-by operation of the service pipes. Leavirgsihpply service pipe cool down in
the periods without the heating demand leads ulbte waiting time for DHW with
40°C, which is by 5 s longer than 10 s suggestethéyDHW standard. By using the
external bypass, keeping the supply service pipenvand inlet to the substation on
35°C the waiting time is reduced to 11 s, i.e.lglygabove the suggested value.

The results therefore documents that low-tempegdt can be used for delivery of
DHW, with required comfort temperature of 45°C amdhout increased risk of
Legionella if the volume of DHW system is below 3lse of external bypass solution
Is needed to keep the waiting time for DHW shornpassible.

Energy efficient use of bypass flow

Numerical simulations applied on the example of -temperature DH network
showed that the proposed solution of redirectiregliiipassed water during the non-
heating period to the floor heating in the bathraeauces the heat loss from the DH
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network by 13% while increasing the floor temperatioy 2.2°C on average in
comparison to traditional bypass solution with thestatic bypass valve.

The 13% reduction of heat loss from the DH netwookresponds to 40% of the
additional heat delivered to the bathroom and fbheeat seems reasonable to bill the
customers only for 60% of heat used in the bathrdloor heating during the non-
heating period. In DH networks with DH heat sourpesfiting from reduced DH
return temperature as e.g. condensation boilerapiceed heat and power plants or
solar-thermal plants should be added also benkfiéduced return temperature and
result in further discount on heat used in bathrdtwor heating during the non-
heating period.

The concept is advantageous for DH customers byowgment of the thermal

comfort for the discounted price, for the DH ujilto monetize some of the heat
losses and for the environment by increasing ofggnefficiency of the DH heat

sources.

Space heating systems supplied by low-temperaturg-Din existing buildings

Most existing single-family houses built after th®870s can be supplied with low-
temperature DH with a temperature of 55°C for alim@%% of the Danish design
reference year without exceeding the design wdbev fate from the DH network

while heated up to an indoor operative temperatdird2°C. During the rest of the
year, the supply temperature should be increasetdnrdance with the non-linear
supply temperature curve, for our case up to 61%@wering the indoor set-point

temperature to 20°C, installation of low-temperattadiators or refurbishment of the
building will reduce the maximum temperature neetdethe space heating system
and extend the period when the DH supply tempezatan be 50°C.

Reducing the DH supply temperature to 50°C requieptacement of the currently
used substations with the low-temperature DH stibst®to ensure that the DHW is
produced with the required temperature and witlhwoereased risk of Legionella.

To ensure a gradual transition to a temperaturel lef/50°C in the shortest possible
period, DH companies should require that all newstaled and refurbished DH
substations are already designed for low-temperddi.

Space heating systems supplied by low-temperature-Din low-energy buildings

A low-energy single-family house equipped with avitemperature space heating
system with radiators can be supplied from a lowgerature DH system and ensure
the required thermal comfort while maintaining aosth heating demand on the DH
network and cooling the heating water to a lownetemperature.

BelO input values traditionally used for calculatiof heating demand in the
buildings, but in fact not meant for this purpossads in comparison with more
realistic data reported in the literature and ity reduced heat gains thanks to the
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higher efficiency of home appliances and increasedor temperature set-point to
22°C instead of 20°C in as much as 58% higher hgatemand and in up to 20%
over dimensioned heat connection power for the espaeating system. Lower
expected annual heating demand and over-dimensitmad connection power
negatively influences cost-effectiveness analysésplanned DH systems and
therefore careful consideration of the correct tnypalues is very important for their
future successful expansion.

73






6 Further Work and Recommendations

6 FURTHER WORK AND

RECOMMENDATIONS

Further work and recommendations can be summarised under the following headings:

DHW systems and Legionella

The combination of uncertainty about Legionella and the respect of DH
utilities for Legionella bacteria could be a showstopper for low-temperature
DH with a supply temperature (at the inlet to the substation) of 50°C. If this
happens, the supply temperature should be increased to 55°C to ensure that the
minimal DHW temperature produced by the LTDH substation is 50°C to
comply with current DHW standards.

Most research on the risk of Legionella has been carried out in old fashioned
DHW systems where the problems are expected to be found. There is a lack of
knowledge about the risk in DHW systems with a low volume of DHW and
therefore more research is needed.

To improve energy efficiency and avoid the risk of Legionella, it is advisable
to stop using DHW circulation. Keeping DHW circulation will require an
increase in DH supply temperature to at least 65° to ensure that DHW returns
from the circulation with 55°C. However, many DH companies already today
guarantee only a DH supply temperature of 60°C at the substation, which
means that the temperature from DHW circulation must be below 55°C in
many houses already today.

An alternative solution to the advanced oxidation technology needed to
eliminate Legionella in a DHW system with DHW temperature below 50°C
and water volume above 3L could be to use an electric heater, increasing the
DHW temperature locally to the level of thermal disinfection (60-70°C),
followed immediately by a heat recovery system to cool the disinfected DHW
to 45°C by transferring the excess heat to the new DHW just coming from the
circulation loop. We are not aware of the existence of any such solution on the
market.

DH substations

Reducing the number of plates in the DHW HEX from 40 to 20 will reduce the
recovery time of the substation by about 1 s, while the increase in the return
temperature of DH will be marginal. A similar reduction in mass could be
applied to the pipes and fittings in the substation, e.g. by integration of
individual fittings and/or by using plastic components. Any of these solutions
will reduce the price of the substation and thus improve DH’s position on the
market.

An internal bypass solution is currently applicable only as part of the IHPT
DHW controller. However, IHPT controllers as designed today cannot operate
with a DH supply temperature below 50°C. In view of the trend of insulating
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DHW HEX, the recommendation is to develop and tedutions for an
internal bypass also for low-temperature housetatibas. However, national
DHW regulations should be studied first to sedis$ tsolution can be applied
in regards to Legionella proliferation in the HEREpt consciously warm.
Reducing the recovery time for the substation coodd also realised by
reducing the DHW flow at the beginning of tappingdsing a self-acting
controller to implement this solution would be velifficult, but the solution
could be realised electronically, going hand-indhanth the requirement that
all new heating systems installed after 2014 havéea equipped with an
electronic controller for weather compensation.

Comfort Bathroom

The recommendation is to develop and implement laotrenic valve for

controlling the bypass flow, reducing the volumégpassed water.

The recommendation is to make a more detailed mafdibor heating in the
bathroom, reflecting various pipe layouts. This ¢tendone in IDA-ICE by
dividing the bathroom into small segments and coting them hydraulically
based on the pipe layout. The individual segmehtailsl be connected for
horizontal thermal transfer.

Low-temperature DH in buildings

The recommendation is to investigate the performaralirect space heating
system with radiators without a mixing loop (aghe Lystrup show case). A
constant supply temperature of 50°C and low heatergand during moderate
outdoor temperatures can lead to very small floluseating water, which can
cause problems for radiator thermostatic valves.

The recommendation is to compare different spaegirige systems supplied
by low-temperature DH, from the perspective of bibhh DH company and the
customer.

The recommendation is to investigate the feasjbdftpreheating the inlet air
before it enters the heat recovery unit using hgatvater returning from
radiators.

DH companies should be stricter in reducing the Blibply temperatures
because high temperatures are often required doralfanctions in individual
in-house systems
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ABSTRACT

Traditional district heating (DH) systems are becoming uneconomic as the number of new and renovated
buildings with reduced heating requirements increases. To keep DH competitive in the future, heat losses
in DH networks need to be reduced. One option is to reduce the supply temperature of DH as much as
possible. This requires a review and improvement of a DH network, in-house substations, and the whole
domestic hot water (DHW) supply system, with the focus on user comfort, hygiene, overall cost and
energy efficiency. This paper describes some practical approaches to the implementation of low-
temperature district heating (LTDH) with an entry-to-substation temperature around 50 °C. To this
end we developed a numerical model for an instantaneous LTDH substation that takes into consideration
the effect of service pipes. The model has been verified and can be used for the further optimization of
the whole concept as well for individual components. The results show that the way that the service pipe
is operated has a significant effect on waiting time for DHW, heat loss, and overall cost. Furthermore, the
service pipe should be kept warm by using a bypass in order to fulfil the comfort requirements for DHW
instantaneously prepared.

© 2012 Elsevier Ltd. All rights reserved.

1. Low-temperature district heating

District heating (DH) is a way of providing buildings with heat
for space heating (SH) and domestic hot water (DHW) prepara-
tion in an economical and environmentally friendly way. Nowa-
days, building regulations have been introduced worldwide and
are helping to reduce energy consumption in buildings, because
40% of all energy consumption takes place in buildings. The
energy policy of the European Union is currently focused on
security of supply, energy savings, reducing production of CO,
and increasing the proportion of renewable energy [1]. DH is one
of the best ways to achieve these goals in the building sector and
its further development has high priority. According to Heat Plan
Denmark 2008, DH systems supplied by renewable energy
sources could cover up to 70% of heating demand in Denmark by
2050. The remaining 30% is assumed to be covered by individual
heat pumps, installed mainly in areas with low heat demand

* Corresponding author. Tel.: +45 45251884; fax: +45 45883282.
E-mail addresses: marek@byg.dtu.dk (M. Brand), jet@danfoss.com (J.E. Thorsen),
ss@byg.dtu.dk (S. Svendsen).

0360-5442/$ — see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016/j.energy.2012.02.061

density [2,3]. Nevertheless, traditional high and medium
temperature DH systems are not optimal solutions for the future
[4]. To accord with EPBD [5], all buildings constructed after 2020
must be near Zero-Energy Buildings [6] and this will create areas
with lower heat demand than today. Table 1 shows the imple-
mentation of EPBD for newly built residential buildings in
Denmark valid since 2008 [7] and the update in 2010 [8]. The
values of the maximum specific primary energy demand, account
for space heating, DHW heating and electricity for operation of
HVAC systems (pumps, fans).

The DH networks in current use will not be able supply heat to
these areas in an economical way, because the ratio between
network heat losses and the heat consumption in the buildings
would be unacceptably high, the cost of heat for the end-users
would increase, and DH systems would cease to be competitive
with other solutions, such as heat pumps [9]. Research in the field
of DH has recently focused on the supply of areas with low heat
demand and low-energy buildings [10] and on increasing the
proportion of heat produced by renewable sources of energy, such
as solar heat plants, geothermal energy, or heat pumps driven by
electricity from renewable sources. Attention has also been paid to
the smart grid concept, where buildings connected to DH network
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Table 1
Primary energy factors and energy frames for residential building in Denmark in
accordance with BRO8 and BR10.

Energy frame calculation [kWh/(m?.a)] Prim. energy factors

DH Electricity

BROS8

Class BROS 70 + 2200/AP

Low-energy class 1 35 + 1100/A 1 2.5

Low-energy class 2 50 + 1600/A
BR10

Class BR10 52.5 + 1650/A 1 2.5

Class 2015 30 + 1000/A 0.8 2.5/2.22

Class 2020 20 0.6 1.8

2 The value will be based on share of renewable sources, not decided yet.
b Gross heated area [m?].

are not only consumers of heat, but can also supply any surplus heat
back to the network [11]. The solution for the future development
of DH is to reduce the heat losses of DH networks by means of pipes
with better insulation properties, to improve network design with
reduced pipe diameters and the use of twin pipes [10,12], and to
reduce the supply temperature of district heating water to the
lowest possible level, and thus match the exergy levels of supply
and demand [13]. The District Heating Systems designed on the
basis of this philosophy are called Low-Temperature District Heat-
ing (LTDH) Systems.

1.1. Full-scale demonstration of LTDH

The LTDH concept was first reported in [10], where a theoretical
case study documented that LTDH is a good solution for the future
and is fully competitive with heat pumps even in sparse housing
areas. In Denmark, the first residential area with low-energy houses
supplied by LTDH was built in 2009. After 2 years’ experience, the
results were documented in [14] and agree with the theoretical
calculations. The system supplies 40 Class 1 low-energy houses (for
definition see Table 1) with district heating water on the design
conditions of 50 °C/25 °C. The DH network was built with highly
insulated twin pipes with series 2 insulation, which in combination
with the reduced diameter of the media pipes has resulted in an
average heat loss of only 17%. The pipes are commercially available
steel pipes or AluFlex pipes; the AluFlex media pipes are made of
PEX/PE layers with an aluminium foil between preventing water
diffusion, PUR insulation foam with A-value ranging from 0.022 to
0.023 W/(K m) and high density PE casing. A network design,
specification and complete list of pipes used in Lystrup can be
found in [14,15]. The project demonstrates that LTDH is a good
solution even for low-energy houses. Two types of newly devel-
oped low-temperature district heating in-house substations have
been tested by customers in real conditions: 29 Instantaneous Heat
Exchanger Units (IHEUs) [16], and 11 District Heating Storage Units
(DHSUs). The IHEU concept is a classical substation with an
instantaneous heat exchanger (HEX) that has been modified for
operation with low supply temperature, with an improved plates
pattern and enlarged surface area in the HEX. To supply DHW with
a short waiting time, the IHEU is equipped with an external bypass
with a set-point temperature of 35 °C. The DHSU concept differs
from IHEUs in having a buffer tank for the storage of district heating
water, but the DHW is produced using an instantaneous principle
as in IHEUs [17]. The advantage of the substation having a buffer
tank lies in the heat load on the DH network being averaged out,
which allows reduced pipe dimensions in DH network resulting in
lower heat loss.

On-site measurements evaluating the long-term performance of
both types of DH substation are available. What we still lack are the
detailed measurements of the short time-steps needed to evaluate

the dynamic performance of the substations. These data are needed
to verify the numerical model to be used for the further optimi-
zation of units and whole LTDH concept. This paper describes the
LTDH concept with focus on the DHW supply and reports on the
dynamics of IHEUs, including service pipe (SP) operation mode, as
investigated using the numerical model we developed.

2. LTDH for DHW supply

2.1. Elimination of Legionella risk by using a system with a minimal
volume of DHW

Since LTDH was mainly developed for low-energy buildings
already designed with low-temperature space heating systems, the
lowest acceptable forward temperature is defined by the require-
ment to prepare DHW with the desired temperature without
needing additional heating. The hygienic requirements in the latest
guidelines [18] are to produce DHW with temperature of 50 °C for
single-family houses and 55 °C for multi-storey buildings to ensure
a minimum temperature of 50 °C at the tap. In DHW systems with
circulation, the temperature of re-circulated water should never fall
below 50 °C. These requirements are based on the need to avoid
Legionella growth in DHW pipes and storage tanks. Legionella
grows in a temperature range between 20 °C and 46 °C in systems
with a high volume of stagnating water, so the above-mentioned
temperature levels are necessary both to ensure comfort and to
meet hygienic requirements in the tap furthest away from the heat
source. Nevertheless we see a high level of discrepancy between
national standards and the results of research focused on Legion-
ella. In the literature, the danger of Legionella growth in DHW
systems is affected by the temperature of DHW, the nutrients in
DHW, the flow type (laminar or turbulent) in the DHW pipes, and
water stagnation [19]. On-site measurements have been performed
in buildings using DH for DHW heating, and the results [20,21]
show that Instantaneous Heat Exchanger Units (IHEUs) have
fewer problems with Legionella than traditional units with a DHW
storage tank. Both studies agreed that these findings are due to the
fact that IHEUs usually produce DHW with a temperature of 60 °C,
while in storage units the temperature is 50 °C or lower. Another
reason for the higher occurrence of Legionella in DHW plants with
storage tanks is a high volume of stagnating water, which results in
sedimentation on the inner surface of the tank creating conditions
for Legionella growth. Nevertheless, based on the studied literature,
it can be concluded that the requirements to produce DHW with
a temperature higher than 50 °C are only defined for DHW plants
with a storage tank for DHW and old fashioned DHW building
installations, which can be characterized as systems with vertical
risers, branched pipes with large diameters (increasing the water
volume of the system), and using DHW circulation. Such systems
tend to hydraulic misbalance, which results in places with
a reduced temperature and thus a risk of Legionella growth.

For new and renovated buildings, DHW installations can be
designed in a much better way, with individual connection of DHW
feeding pipes between the source of DHW and each tap, and with
optimally reduced pipe diameters, defined by requirements for
noise propagation and pressure drop. Such a solution reduces the
volume of DHW in the system and, according to German Standard
W551 [22], the temperature of DHW can be below 50 °C with no
risk of Legionella promotion, if the total volume of the DHW system
excluding HEX is less than 3 L. This allows the use of the LTDH
concept. For newly built multi-storey buildings, the state-of-the-art
solution is a district heating substation for each flat [23]. In this
case, each flat has its own individual system for DHW preparation
(with a volume of water below 3 L) and space heating. Such
a solution is very different from the traditional huge DHW system:s,
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in which DHW circulation was used to reduce both waiting time for
DHW and the growth of Legionella, and in which Legionella
sometimes arose anyway because of hydronic misbalance [24]. As
far as we know, no DHW systems using IHEUs with a volume of less
than 3L and producing DHW with a temperature below 50 °C have
been investigated in relation to Legionella risk.

2.2. User comfort in DHW supplied by LTDH

In addition to the hygienic requirements, a DHW system should
also fulfil requirements for comfort defined by the desired level of
temperature and waiting time for DHW. According to Danish
Standard DS439 [25], DHW provided with a nominal flow rate of
0.2 L/s and a desired temperature level of 45 °C in the kitchen and
40 °Cin other taps should be delivered within a “reasonable” length
of time and without significant temperature fluctuations.

To comply with DS439, our suggested value for waiting time for
DHW is 10 s (with a flow rate of 0.2 L/s) to avoid wasting of water
and to provide users with DHW within a reasonable time. Waiting
time for DHW can be studied from various perspectives. From the
dynamic point of view, waiting time depends on transportation
time and the thermal capacity of the components, i.e. pipes and
substation. From the point of view of location, delays arise in three
areas: the SP (the pipe connecting the street pipe with the in-house
substation), the DH substation, and the DHW supply system in the
building. Time delay in the SP and substation is related to the DH
network, the substation type, and its control strategy, while time
delay in the DHW supply system in buildings without DHW
circulation is determined by the length and thermal capacity of
pipes, the volume of water in individual pipes, the nominal flow,
and to some extent also by the pipe insulation.

2.2.1. Waiting time for DHW in building supply system

For DHW systems with individual feeding pipes and an overall
volume of pipes less than 3 L, DHW circulation is not usually
needed, because transportation time is not critical with the short
distance from the substation. Table 2 lists the transportation times
for the individual fixtures in a typical house built in the pilot LTDH
project, Larch Garden at Lystrup in Denmark [14]. It should be
emphasized that the data are for transportation delays only,
ignoring the thermal mass of the pipes. The table shows that
areasonably designed system, with fixtures close to each other and
not far from the substation, gives a maximum transportation delay
of about 6 s for the wash basin with nominal flow rates for indi-
vidual tapping points. If we use a flow rate of 0.2 L/s (as suggested
in [25]), the transportation delay decreases to 1.6 s. However, the
suggestion of using 0.2 L/s for all tapping types is questionable. The
overall volume of pipes in the reference DHW supply system is
0.98 L, which means it is possible to install longer pipes or more
fixtures and still fulfil the requirement of a DHW system with
avolume of less than 3 L. According to [22] the volume of HEX is not
counted in the 3L volume. The velocity of water is below 2 m/s and
thus problems with noise propagation during tapping are avoided.

Table 2
Transportation delay for nominal flows for individual fixtures due to DS439, in DHW
system in typical house in Lystrup, for pipes with inner diameter 10 mm.

DHW Nominal Lengthto Volume in Velocity Transportation delay

fixture flow fixture [m] pipes [L] [m/s] [s] for
(L/min] Nominal  Flow 0.2
flow L/s
Shower 8.4 2.2 0.17 1.8 1.2 0.9
Basin 34 4.1 0.32 0.7 5.8 1.6
Kitchen 6 6.3 0.49 13 49 2.5

2.2.2. Delay for DHW on the primary side

Delays on primary side consist of delay in the DH substation, the
so-called recovery time and, for substations with an instantaneous
principle of DHW heating, i.e. IHEUs, delay in the SP. For substations
equipped with storage tanks, i.e. DHSU, the HEX is supplied direct
from the buffer tank so that the SP has no effect on the recovery
time.

2.2.2.1. Recovery time of the substation. The recovery time of a DH
substation is the time needed for the substation to produce DHW
with the desired temperature. It is defined by the type of substa-
tion, controller, the thermal capacity of the components (HEX,
valves, pipes, fittings), the water volume of the HEX, the maximum
allowed primary flow rate, and to some extent by the insulation of
the substation and the time since the previous tapping.

Since substation recovery time is too complex for simple theo-
retical evaluation, we measured the performance of the IHEU
prototype specially developed for LTDH project at Lystrup [14] in
laboratory conditions, and then developed a numerical model of
a substation equipped with a PTC2+P controller.

2.2.2.2. Service pipes. The simplest SP control strategy is a solution
without a bypass (see Fig. 3). In this case, DH water in the SP flows
only when customer has a demand for DHW or SH, and this means
that during periods without heating demand (so-called idling), the
SP cools down to ambient ground temperatures and the substation
to the temperature of the technical room.

Fig. 1 shows the temperature drop in an SP AluFlex 20/20/110
(used for connection of the IHEUs) after tapping of DHW has
finished and the substation is idling. The simulation was made
using the commercial software COMSOL Multiphysics and reported
by Dalla Rosa [26].

The cooling of the SP was simulated for an idling period from
0 to 720 min and was simulated for three different ground
temperatures (3 °C, 8 °C and 14 °C) with and an initial tempera-
ture of pipe insulation of 15 °C (average value for typical condi-
tions in Denmark). It can be seen that for periods without SH (i.e.
for a low-energy house approximately 6 months of the year from
April to October) with a typical average ground temperature
between 8 °C and 14 °C, the water standing in the SP is cooled
from 50 °C down to 20 °C if there is no tapping of DHW or bypass
flow after about 3 and 4 h for the ground temperatures of 8 °C and
14 °C respectively.
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Fig. 1. Cooling down of DH water standing in an AluFlex 20/20/110 service pipe during

idling. The initial temperature of water in pipe is 50 °C, and the initial temperature of
insulation is 15 °C.
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At the beginning of each tapping, water standing in the SP has to
be transported to the substation first before the “fresh” DH water
with a temperature of 50 °C can enter the substation.

2.2.2.3. The effect of thermal capacity on delay in the service
pipe. Flow-compensated temperature controllers with integrated
differential pressure control are state-of-the-art for DHW produc-
tion in substations. The philosophy of the controller is to allow the
maximum possible flow rate on the primary side until the set-point
temperature on DHW is reached [27]. Maximum flow on the
primary side is defined by the k,-value of the control valve and by
the differential pressure available at the substation. Moreover,
a flow restrictor limiting the maximum primary flow can be
installed by the DH company. At Lystrup, the maximum flow rate on
the primary side is 17.3 L/min. The IHEU is supplied by an SP with an
inner diameter of 15 mm, i.e. for an SP with a length 10 m it takes
6.1 s before new water from the street pipe reaches the substation.

This simple calculation of transportation time in the SP does not
take into account the effect of the thermal capacity of the SP. The
impact of the thermal capacity of the pipe material on the delay has
been numerically simulated with a Matlab code developed in-
house and successfully validated with experimental data [28].
The impact of the thermal capacity of AluFlex 20/20/110 on
a temperature drop in water supplied into the IHEU is shown in
Fig. 2. The curves represent the temperatures measured at the inlet
of the substation for a 10 m long AluFlex 20/20/110 pipe sur-
rounded by ground with a temperature of 8 °C after 180 min of
idling (i.e. the initial temperature of the water is around 20 °C, see
Fig. 1) when DHW tapping starts. In this paper, we assume that the
temperature of “new” DH water entering the SP during tapping or
bypassing is 50 °Cin all the cases simulated. This allows us to ignore
any temperature drop in the DH network before water is supplied
to the SP.

Fig. 2 shows that if the water in the SP has cooled to 20 °C, the
transportation time for a flow rate of 17.3 L/min accounts for 6.1 s
(independent of temperature), but the water delivered to the HEX
at that time has already been cooled by the thermal capacity of the
pipe to 38.2 °C. It takes another 2 s, i.e. 8 s in all, to deliver 45 °C
water and around 32 s to deliver 49 °C to the HEX. Fig. 2 also shows
the temperature development for an initial water temperature of
35 °C and for 20 °C with flows of 14.1 and 8.4 L/min.

The results presented show that during a summer morning
(when the SP is cooled almost to the temperature of the ground), it
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Fig. 2. Effect of the thermal capacity of an AluFlex 20/20/110 service pipe on the
temperature of water delivered after substation idling.

takes 8 s to supply warm DH water to the substation and another
1-5 s to supply the DHW produced to individual taps without
taking the recovery time of the substation into consideration.

2.2.3. Solutions reducing waiting time on the primary side

To decrease the time needed to supply “fresh” DH water to the
substation, a solution with an external bypass (see Fig. 3) is widely
used. In this case, the substation is equipped with a thermostatic
valve that keeps water in the SP at a certain temperature level by
“bypassing” a small amount of water directly back to the DH
network and thus reducing waiting time substantially. The set-
point temperature for the external bypass in LTDH is normally
between 35 °C and 40 °C as a compromise between insufficient
cooling of by-passed DH water and additional heat consumed by
the customer and reduced waiting time for DHW preparation. The
set-point temperature for traditional DH is higher.

Another way to reduce waiting time for DHW is an internal
bypass (see Fig. 3). In contrast to the external bypass, the bypassed
water flows through the HEX and keeps it warm. This looks like
a good solution for the customer, but since water returning to the
DH network has quite a high temperature, it is not desirable from
the perspective of the DH network and the customer may be
charged for insufficient cooling. This solution is not considered
a good solution for LTDH, so we do not elaborate more on it.

3. Methods
3.1. Experimental measurement of IHEU

3.1.1. Experimental setup and instruments

The THEU is a type of district heating substation that consists of
a HEX without a storage tank. DHW is produced instantaneously in
the HEX only it is tapped. It is then supplied directly to DHW taps.
The IHEU was equipped with an external bypass and a PTC2+P
controller for DHW preparation. The PTC2+P is a flow-
compensated temperature controller with integrated differential
pressure control [27]. The space heating system uses direct
connection without the heat exchanger. Compared to a traditional
[HEU, the low-temperature unit has a HEX (XB37H-40) using plates
with dimpled pattern which ensure optimal operation with a lower
supply temperature. The water volume on both the primary and
secondary sides was 1.1 L and the heat exchanger was not insulated.
The experiments carried out focused on the dynamic and static
performance of the substation in relation to DHW production, so no
space heating loop was connected and the space heating valves in
substation were closed. The temperature requirements for the
DHW prepared were in accordance with those specified in DS439.
We measured the temperature of four water flows passing through
the substation and the primary and secondary flow rates. On the
primary side, it was the temperature of the DH water supplied to
the substation (Ty1) and the temperature of the DH water returning
back to the DH network (T72), and on the secondary side, it was the
temperature of the cold water entering the substation (T1) and the
temperature of the DHW produced (T»2). All temperatures were
measured by type T thermocouples installed directly in pipes, in the
water stream, so there is no practical time delay for the measure-
ments. The time constant to reach 90% of step change was less than
1 s. The distance of thermocouples from the substation flanges was
5 ¢cm and thermocouples were calibrated beforehand. We also
measured the air temperature in the testing room. Temperatures
were measured and collected by a multifunction acquisition unit
(Agilent 34970A) every second. The DH network with a constant
temperature of 50 °C was simulated by the university DHW system,
which has a large enough capacity to supply 50 °C continuously.
Moreover, a thermostatic fixture was used to keep the supply
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Fig. 3. Various IHEU bypass strategies: left — no bypass; middle — external bypass (cold HEX); right — internal bypass (warm HEX).

temperature to the substation at 50 °C. To prevent pipes supplying
DHW to laboratory cooling down in periods when there was no
flow through the substation, a small guard flow drained directly to
a sink just before the entrance to the substations was kept to
maintain DHW at a constant 50 °C.

3.1.2. Experimental procedure

The DHW controller (PTC2+P) was adjusted to provide 47 °C on
the DHW side with a supply temperature of DH water at 50 °C. The
substation was left idle for a long time so that whole parts of the
unit including water in the HEX were at room temperature, i.e.
21.6 °C. Then we opened a tap on the DHW side and measured the
substation recovery time needed to deliver DHW with a tempera-
ture of 40 °C and 45 °C at the substation’s outlet from the moment
when DHW tap was opened. The DHW water flow was 8.4 L/min,
i.e. a flow representing showering [25]. The results from
measurements are presented in Fig. 5 and are denoted “measured”.
All the measurements are described in detail in [16].

3.2. Numerical model for IHEUs

A numerical model of the substation was developed in the
commercially available software, Simulink [30]. The model is based
on work by Persson [31], where it is well described. The philosophy
of the modelling is fundamentally based on an energy balance
between the primary (hot) and secondary (cold) side including heat
transfer through the wall separating the two sides, described
together by Equations (1)—(3). This approach accounts some
simplifications: no heat conduction among the sections, negligible
heat resistance in the HEX walls and no heat losses to the
surroundings, but the influence on the accuracy is for our appli-
cation negligible. Convective heat transfer coefficient o [W/(m? K)]
is calculated based on the Equation (4) which is an empirical
equation from manufacturer of HEX. Nomenclature for the equa-
tions is listed in Table 3.
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Fig. 4. Description of IHEUs numerical model with three sections.
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data.
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Our model consists of three sections and each section consists of
cold and hot side and the wall (see Fig. 4). The three sections model
is considered to be enough accurate to model the performance of
the HEX [31]. The model does not consider heat losses to the
ambient, because our aim was to investigate the dynamic perfor-
mance in the first few seconds. Each of three sections is described
by system of Equations (1)—(3) and by their rearranging to form of
Equation (5) the system can be solved in Simulink. Additional
information about numerical modelling of DH substations can be
also found in [32].

As a first step, we verified the HEX model we developed using
real measured data from an experiment and the results of design
software from the manufacturer [33]. The differences in outlet
temperatures for static performance, i.e. when all input values are
constant in time, were maximally +0.2 °C. We considered this
sufficient accuracy since the model is aimed to be used as tool for
holistic evaluation rather than as an expert tool for the detailed
evaluation of substations.

As a second step, we modelled and added the PTC2+P controller
and ran tests under dynamic conditions. The numerical model of
the controller was built as a physical model of a real PTC2+P
controller, i.e. it includes equations describing all springs, k, values
of valves, etc. [29]. The model was verified again with real
measured data. Fig. 5 shows a comparison between experimentally
measured and numerically simulated output temperatures T, and
T12. The numerical model (values are denoted “sim”) can be in the
dynamic build-up phase seen to be slightly faster than real
measurements, but for the static phase the differences are negli-
gible. The difference is caused by the fact that the numerical model
does not include the exact dynamic heating of all components
(pipes and valves) in the substation through which the water
should pass before reaching the HEX; this causes the deviation
between the simulated and the measured values during the tran-
sient heating-up period.

The difference in results from simulation and measurement can
be also seen in Table 4 by comparing cases M and 0.

3.3. Realistic modelling of external bypass

Theoretically, an external bypass maintains a continuous flow
through the SP to keep the thermostatic valve at the desired constant
set-point temperature. The real solution is slightly different because
thermostatic valves have an on/off range (a so-called dead band) to
avoid stability problems. The dead band will mean that the bypass
flow will not be continuous but intermittent.

An external bypass was modelled with following parameters:
set-point temperature 35 °C, dead band +2.5 °C, and bypass flow
rate 3 L/min. The model assumes that the thermostatic valve is

Table 3
Nomenclature for energy balance equations — cold side.
Ac Total plate area on the cold side in one section [m?]
Cpe Specific heat capacity of water [J/(kg K)]
me Mass of water in the section [kg]
me Mass flow of water through the section [kg/s]
my Total mass of plates in the section [kg]
Pr Prandtl number [—]
Re Reynolds number [-]
Tein Temperature of water coming into the section [°C]
Teout Temperature of water leaving the section [°C]
Tw Average wall temperature in the section [°C]
Aepw Convective heat transfer coefficient [W/(m? K)]
0Op Distance between individual HEX's plates [m]
Aw Thermal conductivity of water [W/(m K)]

Table 4
Recovery times for IHEU for all described cases, case 3—7 includes also influence of
service pipe.

Case Description Recovery time of IHEU [s] to

produce DHW
30°C 35°C 40°C 42°C 45°C

Without SP

M Experimental measurement 41 6.0 9.1 10.8 15.8

0 Verification of num. model 4.6 6.3 86 10.0 13.1

1 Pure recovery time, T = 50 °C, 3.7 4.9 6.5 73 9.4
HEX20

2 Pure recovery time, T = 50 °C, 4.1 55 74 8.55 109
HEX40

With SP

3 Continual bypass 50 °C—35 °C 5.7 7.7 10 113 141
4 Ext. bypass before 2nd bypass 5.9 8.7 11.0 124 15.5

flow
5 Ext. bypass before 3rd bypass 7.2 9.5 11.9 13.2 164
flow
6 Without bypass — 35 °C 7.2 98 123 136 16.9
7 Without bypass — 20 °C 11.0 127 152 167 209

controlled by the forward temperature at the end of the SP. In
reality, the thermostatic valve is controlled by the temperature
measured in the valve itself, which can be strongly affected by the
position of the valve in the substation and the insulation of the
substation. The results for external bypass performance were
obtained by a combination of Matlab code for the SP dynamics and
graphs of the cooling of DH water during idling. Both methods,
mentioned above in the Introduction, are fully reported by Dalla
Rosa [26,28]. The code simulating the water cooling is used to
calculate the temperature profile in the SP during idling. The result
is the time period (see Fig. 1) needed to cool the last control volume
of water in the SP down to temperature of 32.5 °C (opening
temperature for the bypass). Then we fed the obtained temperature
profile along the SP to the code modelling the dynamic heat-up of
the SP, we set the flow to 3 L/min and got the time dependent
temperature at the SP outlet during bypass operation (see Fig. 2).
The flow of 3 L/min was kept until the temperature at the end of
SP reached 37.5 °C (closing temperature for bypass). The result is
the new temperature profile in the SP. Next, we re-applied the
code modelling the cooling of the water standing in the SP and
repeated the whole procedure recursively until we got the
temperature profile in the SP after the desired number of
bypasses (see Fig. 6).

3.4. Modelling of continual bypass

In addition to a traditional bypass, we also modelled an “ideal
external bypass” with continuous flow, i.e. an external bypass
without a dead band. It is assumed that a continual bypass flow will
be possible used in a floor heating system in bathrooms and thus
increasing comfort for users and utilising energy which would
otherwise be lost [14]. The results for the temperature profile along
the SP were obtained by solving the differential Equation (6) [34]
applied for AluFlex 20/20/110 in Matlab [30].

M M (k§

where Ty is the downstream fluid temperature [K], T, is the
upstream temperature [K], L is the pipe
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length [m], T, is the ambient temperature [K], Cy, is the overall heat
transfer coefficient (W/m/°C), C, is the specific heat capacity at
constant pressure of the fluid [J/kg/K], Cr is the specific heat
capacity at constant temperature of the fluid [J/kg/K], A is the cross
sectional area of pipe [m?]. V is the velocity [m/s], oP/dx is the
pressure gradient [N/m?/m], D is the hydraulic diameter [m], fis the
friction factor [—], and p is the density of fluid [kg/m3].

3.5. Definition of SP operational modes

To investigate the effect of various SP operation modes on the
recovery time of an IHEU equipped with a PTC2+P controller, we
defined the following cases:

Cases 1 and 2 represent the pure recovery time of the IHEU
cooled completely to an ambient temperature of 21.6 °C. In these
cases, the DH water entering the substation is at a temperature of
50 °C already, so there is no SP influence. These cases are not real-
istic in normal operation (supplied water will never be 50 °C from
the very first moment), but they are valuable for comparison with
other types of substation. The difference between Cases 1 and 2 is
that the HEX has 20 plates in the former and 40 plates in the latter.

Case 3 is defined as a continual external bypass with a flow rate
of 0.024 L/min, which ensures an almost linear temperature drop in
the SP (see Fig. 6 — equation of linear regression) from 50 °C at the
beginning to 35 °C at the end of the SP.

Cases 4 and 5 represent a traditional bypass with a set-point
temperature of 35 °C with a dead band of 2.5 °C. The tempera-
ture profile along the SP in Case 4 is the situation just before the
2nd bypass flow and in Case 5 just before the 3rd bypass flow.

Cases 6 and 7 represent the SP without any kind of bypass. In
Case 6, the whole SP is at a temperature of 35 °C and in Case 7 at
a temperature of 20 °C. Respectively, these correspond to idling
periods of 1 and 4 h for an AluFlex 20/20/110 pipe buried in soil
with a temperature of 14 °C.

As input data for our simulations, we used temperature profiles
along the SP (see Fig. 6) from Matlab simulations as described

above. All the simulations take the thermal capacity of the SP into
account.

4. Results and discussion

The results presented are valid for summer conditions when
there is no need for space heating and with a cold water temper-
ature of 13.2 °C. We are aware that during the winter the cold water
temperature will be lower, but the additional power needed for
increasing the lower water temperature is expected to be covered
by increased the supply temperature of DH.

The results of the experimental measurements and numerical
simulations for all the cases described are listed in Table 4, which
shows the recovery time for an IHEU equipped with a PTC2+P
controller to produce DHW with the desired temperature in rela-
tion to SP operation mode. For all simulations, except the verifi-
cation of the model (Cases M and 0, where the primary flow was
14.1 L/min), we used a maximum primary flow rate of 17.3 L/min
defined in the IHEU by the differential pressure available (0.5 bar).

As shown above, the numerical model is sufficiently accurate, so
it can be used for the simulation of the recovery time in relation to
the various SP operation modes.

4.1. Pure recovery time of IHEU

Case 2 represents the pure recovery time of the substation,
excluding any SP effect and with an inlet temperature to the
substation of 50 °C from time t = 0. It can be seen that the
substation needs 7.4 s to produce DHW with a temperature of 40 °C
and 10.9 s to produce DHW with a temperature of 45 °C. In addition
to the recovery time, we also need to add the time needed for DHW
to reach a fixture and take some temperature drop in the feeding
pipe into account. These results are also valid for evaluation of
performance of DHSU units, because DH water is supplied from the
buffer tank almost immediately, which matches this situation.

IHEUs are normally produced with a HEX with 40 plates, but to
reduce the price of the unit, we simulated an IHEU with a 20-plate
HEX. Table 4 shows that the recovery time for the 20-plate HEX is
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less than for a HEX with 40 plates, e.g. the difference is 1 s for 40 °C.
The reason is that the volume of water in the HEX is reduced to one
half, so the transportation delay in the HEX is reduced and there is
areduction in the thermal mass of the HEX. Moreover, reducing the
number of plates decreases the price of the HEX, because less
material is used. On the other hand, the average temperature of
primary water returning to the DH network during showering
(a DHW flow of 8.4 L/min) is slightly higher, i.e. 21.8 °C instead
of 19.1 °C. The pressure drop of the HEX at a nominal power of
32.3 kW and a supply temperature of 50 °C increased from 3.1 kPa
on the primary to 2.6 kPa on the secondary side to 13.5 and
8.6 kPa, which are values in the desired range for the optimal
operation of the HEX. The low pressure drop for the HEX with 40
plates shows an unnecessary over-dimensioning of the HEX, but
ensures better cooling of DH water to 19 °C instead of 22.3 °C.
Pressure drop values were calculated by the software provided by
the HEX manufacturer [33].

4.2. External and continual bypass

Fig. 6 shows changes in temperature profiles along the SP for
cycles of external bypass operation during a summer day (ground
temperature 14 °C, no space heating demand in the building). The
profiles are a combination of results from SP cooling from COMSOL
software (Fig. 1) and calculations of SP dynamics (Fig. 2). At the
beginning, the temperature in the whole SP is 50 °C because DHW
tapping has just finished. Since there is no tapping during the next
82 min, water standing in the SP cools down to 32.5 °C and this is
the opening temperature for external bypass (35 °C-2.5). The
bypass flow starts to move cooled water in the SP towards the
substation until the temperature at thermostatic valve reaches
37.5°C(i.e. 35°C + 2.5). At that moment, the temperature profile in
the SP is represented by the graph “after first bypass”. This
assumption is not fully realistic because the thermostatic valve has
some thermal capacity which will prolong the bypass flow period,
but from an engineering point of view this assumption is enough.
When the bypass flow stops, the substation idles again so that
water in the SP cools again until the end point of the SP reaches
a temperature of 32.5 °C and the bypass flow starts again (the graph
“after 2nd cooling”). The last control volume in the SP cools from
37.5°Cto 32.5 °Cin 35 min. Fig. 6 shows the temperature profiles
until the 4th cooling of the SP. It can be seen that after the 4th
cooling the temperature profile is similar to the temperature profile
after the 2nd cooling and the temperature profile after the 5th
cooling (not shown in the figure) is similar to the temperature
profile after the 3rd cooling. The temperature profiles after the 2nd
and following bypasses are also very similar, only the inflection
point is moved in horizontal direction, to the left (for odd number
of bypasses) or to the right (for even number of bypasses). The
temperature profiles after the 2nd and the 3rd cooling thus
represents the most and least favourable situations for the recovery
time of the substation. Finally, we have in this way obtained the
supply temperatures needed for the simulation of the effect of an
external bypass on the recovery time of the substation. All the
calculations take the thermal capacity of the SP into account.

In the case of ideal “continuous” bypass, the bypassed water in
the SP cools down continuously with an almost linear profile from
50 °C at the beginning of the SP to 35 °C at the entrance to the
substation. The flow needed to keep this temperature drop with
a ground temperature of 14 °C is only 0.024 L/min.

4.3. The effect of the SP on IHEU recovery time

The recovery time of the IHEU depends strongly on the
temperature profile in the SP defined by its operation mode. The

longest recovery time is for the case when the SP is operated
without a bypass, i.e. the water standing during idling in the SP
simply cools down. In this case, the SP water can be in the range
between 50 °C and 14 °C (representing temperature of the ground).
Case 7 represents such a situation, when idling occurs for 4 h and
water in the SP cools down to 20 °C. Case 6 is a similar situation,
except that idling occurs for only 1 h and water in the SP cools
down to 35 °C. The recovery time of the substation to produce 40 °C
DHW, allowing for the effect of the SP operation, is 15.2 and 13.6 s,
respectively. These results can be used for customers with very
short SPs or for customers with low requirements for comfort.
Shorter recovery times are achieved with the traditional external
bypass solution, which ensures that the entry-to-substation
temperature is always in the range of 32.5-37.5 °C. The recovery
time to produce 40 °C DHW is reduced to 11.9 or 11.0 s in Cases 3
and 4 depending on the phase of bypass when tapping was
started. The traditional external bypass solution was simulated as
an ideal operation without taking into account the thermal
inertia of the thermostatic valve and the effect of the ambient
conditions. In reality, the temperature sensor measures the water
temperature in the thermostatic valve and not at the end point of
the SP. It is expected that the real flow in an external bypass will
be higher than simulated and will occur for a longer time. Further
improvement in the reduction of recovery time can be achieved
by the implementation of a continual bypass, which ensures
a constant entry-to-substation temperature of 35 °C, i.e. the
recovery time to produce 40 °C DHW is reduced to 10 s. The
necessary flow of 0.024 L/min can be used for whole-year floor
heating in the bathroom and thus ensure an energy-efficient
bypass that prevents recirculation of DH water back to the return
pipe. In non-circular-shaped DH networks, the bypass should be
installed at least at the end of a street, and this solution is more
favourable for the DH network and customers than a traditional
bypass because it is expected to prevent the need for other types of
bypass to keep the DH network at the proper temperature level.
The effect of the “comfort bathroom” concept on whole DH
network has recently been studied in detail [14].

4.4. Waiting time for DHW

If the requirement is a maximum 10 s waiting time for DHW at
the least favourable fixture, i.e. in our case the wash basin (see
Table 2), DHW should leave the DH substation with a temperature
of 40 °C within 8.4 s of the start of tapping, because it will take 1.6 s
to reach the tap. This requirement cannot be met in reality, because
if we take the effect of SP operation into account, even in the fastest
case (continual external bypass) the recovery time for 40 °C DHW is
10 s. On the other hand, Table 4 shows that DHW with temperature
of 30 °C leaves the substation within 5.7 s. DHW with this
temperature is not sufficient for taking a comfortable shower, for
which a temperature of 37 + 1 °Cis preferred, but should be enough
for washing hands. Customers requiring DHW in a very short time
whether continuously or discontinuously (only during rush hours)
can ensure almost no tap delay by keeping DHW in pipes at the
desired temperature using electric trace heating.

5. Conclusion

The paper describes state-of-the-art DH, i.e. LTDH. The first full-
scale demonstration site at Lystrup in Denmark proved that the
LTDH concept is a promising solution for energy-efficient and
secure supply of low-energy buildings with heat harvested from
renewable sources of energy. DHW can be produced with
a temperature below 50 °C with no increased risk of Legionella
because the whole DHW system is designed with an overall volume
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below 3 L and is therefore excluded from traditional DHW
temperature requirements.

We have shown that a low-temperature IHEU is able to produce
DHW with a temperature of 46 °C from DH water with a tempera-
ture of 50 °C with good cooling and with a sufficiently short waiting
time. Although the recovery time for 45 °C DHW is longer than the
suggested 10 s, the substation produces 35 °C DHW in 5.5 s which
can be regarded as warm enough to start washing hands or
showering. Nevertheless, the recovery time could be further
decreased by optimizing the design of the HEX with an adequate
number of plates, pressure drop, and improved heat convection
transfer, all resulting in reduced thermal mass and therefore in
faster recovery time. Work on such a design is in progress.

The numerical model of an IHEU we developed was successfully
validated with real measurements and in combination with a model
of an SP was used for the evaluation of various SP operation modes in
relation to DHW comfort for customers and the overall economy of
LTDH.

The results show that IHEUs installed in a DH network should
be equipped with a bypass to keep the recovery time within
a range acceptable for users. Nevertheless, the use of a traditional
bypass with a set-point temperature of 35 °C cannot guarantee
a short waiting time. The most efficient solution might be
a continual bypass always ensuring an entry-to-substation
temperature of 35 °C during idling. The continual bypass flow
with a constant temperature can be used in floor-heating systems
in bathrooms and thus bring benefits for the customer as well as
for the network.

The numerical model of the IHEU is an important tool for the
further optimization of the whole LTDH concept and its individual
components. Moreover, it can be extended with a storage tank
module and then be used for the optimization of DHSUs.

The next step in our research will be the consideration of real
conditions in DH networks, i.e. dropping the assumption of 50 °C DH
water at the beginning of the SP and using real temperature profiles,
which will be result of the simulation of a real DH network. Other
research should also focus on the introduction of the LTDH concept
in existing single-family and multi-storey buildings, because these
buildings represent the majority of the building stock.

Heat Plan Denmark 2008 concluded that DH is the main solution
to achieve fossil-free heat supply in Denmark by 2050 with regard
to energy efficiency, economy and environment. But to make this
happen, DH must be transformed into LTDH. More research and
improvements are still needed to achieve the strong position of
LTDH predicted for the future, but we now have the first show-case
example of Low-Temperature District Heating and the main task
has become its implementation on the large scale.
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ABSTRACT

Using a bypass to redirect a small flow through the in-house DH (district heating) substation directly to
the return pipe is a commonly used but energy-inefficient solution to keep the DH network “warm”
during non-heating seasons. Instead, this water can be redirected to the bathroom FH (floor heating) to
cool down further and thus reduce the heat lost from bypass operation while tempering the bathroom
floor and guaranteeing fast provision of DHW (domestic hot water). We used the commercial software
IDA-ICE to model a reference building where we implemented various solutions for controlling the
redirected bypass flow and evaluated their performance. The effect on the DH network was investigated
using Termis software. Bypass flow redirected into bathroom FH during the non-heating period resulted
in comparison to the reference case on average in a 0.6 °C—2.2 °C increase of the floor surface tem-
perature and additional cooling of bypass water by 3.9 °C, reducing the heat loss from the DH network by
13% and covering 40% of the heat used in the bathroom FH. The use of the bypass flow in bathroom FH is
a cost-effective solution exploiting the heat that would otherwise be lost in the DH network to improve

IDA-ICE comfort for customers at discounted price.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

The heat demand in buildings drops outside the heating season
because the only heating requirement users usually have is in
connection with DHW (domestic hot water). This is very discon-
tinuous and is generally needed for a total of less than 1 h/day in a
typical single-family home [1]. The lack of heat load causes the
undesirable cooling of some parts of the network to temperatures
that are insufficient to ensure the prompt provision of DHW
through the IHE (instantaneous heat exchanger) substations. If
proper control strategies are not implemented, the time needed for
low-temperature IHE substations to produce DHW with a tem-
perature of 40 °C can increase by 40% up to 15 s [2]. That is why
bypass valves are installed at in-house substations (see Fig. 1) and/
or other suitable locations in the network. Their purpose is to
redirect a relatively low water flow from the supply media pipe to

* Corresponding author. Tel.: +45 45251884; fax: +45 45883282.
E-mail addresses: marek@byg.dtu.dk (M. Brand), ss@byg.dtu.dk (S. Svendsen).

http://dx.doi.org/10.1016/j.energy.2014.01.064
0360-5442/© 2014 Elsevier Ltd. All rights reserved.

the return media pipe, so that the temperature at the DH (district
heating) substation inlet is maintained within the required range of
operation. The effect of the bypass is a certain flow achieved during
low heat load periods, ensuring sufficient supply temperatures in
the network. For example, in the low-temperature DH (district
heating) pilot project in Lystrup [3], the set-point temperature for
the external bypass is 35 °C.

This operation, although necessary, results in increased heat
losses and higher return temperatures in the DH network, and this
is particularly critical in the case of low-energy demand building
areas. The share of heat losses due to the bypass operation can
reach up to 55% of the heat demand (i.e. for heating DHW) of low-
energy buildings outside the heating season. Moreover, in low-
energy buildings, the heating season is shorter than in traditional
buildings, so this means the bypass is needed for a longer period.
Furthermore, even during the heating period there are sunny days
when space-heating is not required (for our reference case, as much
as 6%). All this underlines the need for an energy-efficient bypass
solution. In recent years, R&D and demonstration studies on low-
temperature DH systems for energy-efficient buildings have
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List of abbreviations and symbols

m mass flow, [kg/h]

Thypass  bypass set-point temperature, [°C]
Tfoor floor surface temperature, [°C]
Top operative temperature, [°C]
Tret return temperature, [°C]|

Tsoil temperature of soil, [°C]

ATpg deadband, [°C]

CB comfort bathroom

DH district heating

DHW  domestic hot water

FH floor heating

FJVR TRV controlled by the fluid temperature
HEX heat exchanger
IHE substation instantaneous heat exchanger substation

SH space heating
SUB DH in-house substation
TRV thermostatic regulation valve

shown that the concept fits the vision of a sustainable building
sector in Denmark, by integrating end-user energy savings, energy-
efficient distribution networks, and low-grade sources and
renewable energy on the supply side [1—9]. This paper deals with
the modelling of bypass operation strategies in DH service pipes
supplying low-energy buildings and the option of using the redir-
ected water in bathroom FH (floor heating) to increase thermal
comfort for customers. The effect of the bypass operation at the
level of the DH distribution network is also reported.

2. Traditional external bypass in an in-house substation

The traditional bypass solution is widely used, but there is still a
lack of precise knowledge on bypass performance, i.e. how much
energy/water is sent back to the DH network, how often the bypass
opens, and for how long. To evaluate the performance of the
traditional external bypass, we modelled and measured a tradi-
tional external bypass embedded in an instantaneous low-
temperature DH substation.

2.1. Modelling of bypass flow in service pipes

The bypass is generally controlled by a thermostat with an
adjusted set-point temperature, Tpypass set and the amplitude of the
“deadband”, ATpg, which also defines a “top temperature”,
Toypass,top = Tbypassset + ATpg/2, and a bottom temperature, Thypass,
bottom = Tbypassset — ATpp/2. The bypass control ensures that the
temperature is kept within the range of operation set by the
deadband.

DH substation

DHW HEX
external bypass .

road

DH service ﬁipe (Twin pipe)

Fig. 1. Principle of bypass valve installed at in-house DH substation.

Our investigations compared the energy performance of two
bypass operations. The first case is the theoretical situation with an
“ideal” thermostatic valve without a deadband (ATpg = 0) where
there is a continuous bypass flow through the service pipe to
maintain Tpypassset at the service pipe outlet (the inlet to the in-
house substation), where the bypass control is assumed to be
located. The second case is a realistic “pulse” bypass operation
(caused by the deadband of the self-acting controller) modelled as
controller that is acting like an on/off switch. This means that when
the temperature of bypass water at the outlet of the service pipe
reaches a specific value, Tpypass,top, the bypass flow instantaneously
stops; the pipe is now in “stand-by” mode, meaning that there is no
flow in the media pipe, and the water gradually cools down; after a
certain time, the temperature at the service pipe outlet has
decreased to the value of Tpypass, bottom, the bypass valve opens, and
the water flows again. A pulse bypass cycle consists of a period of
water flow from the main distribution line to the service pipe
(called the “bypass” period), and a period when there is no flow and
the water inside the supply service pipe cools down (the “stand-by”
period); after that, another cycle starts, in a process that can be
modelled as periodical [2]. The Matlab® code modelling the DH
service pipes developed in Refs. [7,8], was applied to study the
transient, coupled fluid-thermal phenomena during the bypass
mode; the cooling of the water during the stand-by period was
evaluated using regression curves derived from 2-D transient heat
transfer simulations in COMSOL Multiphysics®, see Fig. 2. Given the
geometry and the materials of the service pipe, a specific supply
water temperature, and certain boundary conditions, it is possible
to calculate the transient temperature field in the pipe, see Fig. 3.
The model of the DH pipes in the heat transfer simulations was
built in accordance with the methodology explained in Ref. [9].

We modelled both ideal and pulse bypass operation with code
developed in Ref. [8]. The numerical code used was successfully
verified for dynamic calculation in the service pipe, but first
without the effect of the thermostatic bypass valve because it
would be very difficult to make this test in laboratory conditions.
We subsequently carried out full-scale measurements of pulse
bypass at a low-temperature DH substation connected to the DH
network at the Danish Technological Institute, but even using DH
energy metres with the highest available flow resolution (signalling
every measured litre), the highly dynamic performance of the pulse
bypass involves volumes below this resolution, so the results were
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Fig. 2. Examples of cooling-off curves derived from 2D transient heat transfer simu-
lations. Ty = 8 °C. Service pipe: Aluflex 20-20/110.
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Fig. 3. Cooling of the supply media pipe in the service pipe during the stand-by period.
At 7 =0 s: Tsoit = 8 °C, Tpyr = 15 °C, Treturn = 20 °C. Service pipe: Aluflex 20-20/110 —
the numbers referring to the diameters of the supply pipe, the return pipe, and the
casing of the twin pipe.

could not be used and the pulse operation of the thermostatic
bypass was not documented.

The DH supply temperature expected at the beginning of the
service pipe in the non-heating season during periods without
DHW tapping will differ based on the location in the DH network.
The further down the DH network the house is situated, the lower
the temperature at the inlet to service pipe. To reflect this phe-
nomena we modelled both types of bypass operation at three lo-
cations in the DH network (see Fig. 10), specified by the inlet
temperature to the service pipe 50 °C, 40 °C and 37.3 °C. The in-
dividual locations can be seen as the users being situated in close,
middle and far distances from the DH heat source. The service pipe
in the investigation was always considered as 10 m long twin pipe
Aluflex 20/20/110 (i.e. media pipe inner @ = 16 mm, casing pipe
outside @ = 110 mm) [10], surrounded by soil with temperature
8 °C. This is a typical connection between the IHE substation and
the single-family house.

The continuous flow needed in the case of ideal bypass opera-
tion to keep the end of the service pipe at 35 °C for each location
depends on the temperature at the beginning of the service pipe: if
this temperature was 50 °C, 40 °C or 37.3 °C, it was calculated to
1.77 kg/h, 4.68 kg/h and 9.36 kg/h, respectively. Pulse bypass
operation was modelled with a set-point temperature of 35 °C, a
deadband of 3 °C and a bypass flow of 0.5 kg/min only for locations
with a continuous flow of 1.77 kg/h and 4.68 kg/h. The results show
that the pulse (intermittent) bypass in both locations operates
repeatedly approximately every 15 min. For the first location, the
bypass opens approximately 70 s in each cycle and bypasses
0.65 kg, which corresponds to 2.6 kg/h. For the second location, the
bypass opens approximately for 213 s and bypasses roughly 1.8 kg,
i.e. 71 kg/h.

Comparing the results, it can be concluded that keeping the inlet
of the substation at 35 °C, the pulse bypass operation circulates
approximately 50% more water than the continuous bypass. The
higher bypass flow with pulse operation results in 10—35% higher
heat loss from service pipes than with the continual flow. Based on
this, it would be beneficial to replace the traditional thermostatic
bypass using pulse operation with a solution that keeps the flow
constant, e.g. bypass realised by using a small needle valve. How-
ever, this consideration does not take DHW tapping into account,
which is very important as explained later in Section 3.2.2.

To improve the energy efficiency of the DH network, it might
therefore be interesting to use the energy delivered by the bypass

e.g. for FH in rooms where it is desirable to have a warm floor even
outside the normal heating season, as can be the case with bath-
rooms in buildings situated in Scandinavian climate regions. This
option is described and investigated in the following paragraphs as
the “comfort bathroom” concept.

3. The “comfort bathroom” concept

The CB (comfort bathroom) is a concept of redirecting insuffi-
ciently cooled DH water from the external bypass of an in-house
substation to the bathroom FH during a non-heating period. The
outcome is additional cooling of the bypassed water, resulting in a
reduction of heat loss from the DH network, higher efficiency of DH
heat sources, and the sensation of a warm floor for occupants,
increasing their comfort. In the case of our reference house
(described later in Section 3.2.2), the average floor surface tem-
perature in the bathroom during non-heating period is only 22.4 °C.
Based on Ref. [11], the floor surface temperature preferred in
bathrooms is 28 + 0.3 °C, and this justifies the option of increasing
floor surface temperature comfort in the bathroom.

It is true that a similar effect can be achieved by an FH loop
controlled with a traditional TRV (thermostatic regulation valve)
[12] (thermostatic valve controlled by indoor operative tempera-
ture) modified for use in FH loop or an FJVR (TRV controlled by the
fluid temperature) valve [13] (thermostatic valve controlled by
temperature of fluid), but in comparison CB utilises only the “free”
energy available from DH water bypassed anyway through the
external bypass. The CB concept is therefore not meant to give the
same level of comfort during non-heating season as FH controlled
by TRV or FJVR, but to utilise part of the heat from bypass operation
being otherwise lost in the DH network to heat up the floor in
bathrooms at discounted price.

3.1. Technical solutions for CB

FH in the bathroom can be controlled either by an FJVR valve, or
by a TRV with self-acting thermostatic sensor (e.g. Refs. [12,13]) or
by an electronic actuator (e.g. Ref. [14]) with wired/wireless remote
temperature sensor (not shown in Fig. 4). The first two solutions are
usual in houses heated by radiators with FH installed only in the
bathroom, while for buildings with all rooms heated by FH, every
FH loop usually has own control valve with remote temperature
Sensor.

Fig. 4 shows the implementation of the CB concept with various
types of space heating (SH). For this purpose, SH systems can be
divided into those with the option of changing the supply tem-
perature to the FH loop (directly connected SH with mixing loop or
indirect SH systems) and those without (directly connected SH
without mixing loop).

Reference case without CB. Fig. 4a shows the original connection
scheme of the SH system used in the low-temperature DH show-
case in Lystrup, where we plan to test the CB concept in full scale as
part of the EUDP 2010 research project [3]. One goal of the designer
was obviously to make a simple and cheap solution, with directly
connected radiators, FH in the bathroom and no mixing loop (i.e.
the SH system is supplied with 50 °C also during moderate outdoor
temperatures). The FH is controlled by an FJVR valve [13] mounted
on the return pipe from the FH loop. The FJVR valve is situated in
the technical room, just before the manifold collecting individual
SH loops. The substation is kept “ready for use” by the thermostatic
external bypass (also an FJVR valve, with a set-point of 35 °C)
redirecting bypassed water back to the DH return. This SH design is
simple and widespread, so CB solution designed for this setup could
have high potential for realisation.
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Fig. 4. Technical solution for CB implementation. Direct SH system without mixing loop: a) reference case without CB, with traditional external bypass; b) CB realised with a needle
valve (installed in parallel to TRV valve on supply pipe or in parallel to FJVR valve on the return pipe of FH loop); c) CB realised with a FJVR bypass valve. Direct SH system with mixing
loop: d) CB realised with a FJVR bypass valve; e) CB realised with a needle valve and capillary tube. Indirect SH system: f) CB realised with FJVR bypass valve and needle valve.

3.1.1. SH systems without mixing loop

3.1.1.1. CB realised with a needle valve. The solution with a needle
valve was investigated on the basis of results of previous work [15]
reporting lower heat loss from the service pipes using continuous
bypass flow than using an FJVR valve with a deadband. CB is realised
by installing a needle valve on the return pipe of FH in parallel with
the existing FJVR valve (see Fig. 4b) keeping the constant bypass flow
through the bathroom FH or by installing a needle valve on the
supply pipe in parallel with the existing TRV valve. The external
bypass valve located in the substation is removed. The needle valve
is placed in the loop of the differential pressure controller, so the
flow remains constant also during oscillations of differential pres-
sure in the DH network. For periods when the bypass flow through
the needle valve is not enough to heat the bathroom, the additional
flow can pass through the originally installed FJVR or TRV valve. The
advantage of this solution is the simple and cheap installation of the
needle valve in the substation, (i.e. no need to take any action in the
FH loop). The drawback of the solution is the lack of an “automatic
stop” of the bypass flow when the supply temperature is above set-
point temperature (i.e. 35 °C), happening during non-heating period
after every DHW tapping and filling the service pipe with 50 °C
warm DH water. This means that the CB will be supplied with water
with a temperature above 35 °C for about 45 min after DHW tapping,
resulting in higher energy use possibly leading to overheating and
also higher return temperature, which is undesirable.

3.1.1.2. CB realised with an FJVR. In FH loops controlled by TRV
valves, it is possible to prevent the supply of bypass water with a
temperature above the bypass set-point by replacing the needle
valve with an FJVR valve as an external bypass installed in parallel
with the TRV valve (see Fig. 4c). The FJVR as an external bypass
valve redirects a small DH flow to the bathroom FH, but when the
temperature of this water increases above the bypass set-point, the

valve closes. This situation occurs during the non-heating period
after each DHW tapping, but it also means that the CB flow through
the bypass valve will automatically shut off during a heating period.
However, CB realised using an FJVR valve is applicable only in FH
loops controlled by a TRV valve, because the FJVR valve in function
of the bypass flow controller must be installed before the FH loop.

The location of the FJVR valve controlling the bypass flow de-
pends on the location of the TRV valve. For bathroom FH loops with
an electronic actuator controlled remotely by the bathroom oper-
ative temperature and located in the substation (not shown in
Fig. 4c), the FJVR valve is installed in the substation in parallel with
the TRV valve. However the TRV valve should be relocated from its
usual position at the return pipe of the FH loop (collecting mani-
fold) to the supply pipe of FH loop (just after the splitting manifold).

For the FH loop controlled by a traditional TRV valve located in
the bathroom, the FJVR valve can be installed either in the bath-
room or in the substation. Installing the FJVR valve in the substation
needs additional supply pipe between the substation and bath-
room. The pipe should be properly insulated (e.g. Twin pipe - two
media pipes embedded in one casing pipe — as used for the service
pipe connections) to limit the heat loss from the pipes as much as
possible. In this case, the set-point temperature of the FJVR is very
close to the desired standby temperature because the FJVR valve is
installed directly in the substation. The alternative solution
(without needing additional pipe) is to place the FJVR valve directly
in the bathroom, but then the temperature drop of the bypassed
water before reaching the FJVR valve is influenced by conditions in
the house, resulting in non-optimal performance.

It should be mentioned that the use of a traditional FJVR valve
with a deadband (and thus pulse operation) instead of a needle valve
would prevent the supply of extra heat after DHW tapping, but on
the other hand it will eliminate the advantages of reduced flow/heat
loss achieved by a needle valve as discussed in Section 2.1.
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3.1.2. SH systems with mixing loop (direct SH) or heat exchanger
(indirect SH)

Fig. 4d—f shows the implementation of CB in the substations
which can control the supply temperature SH system. CB for
directly connected systems with a mixing loop is realised by
“bypassing” the main SH control valve. In the case of FH controlled
by a TRV valve (see Fig. 4d), the bypass flow passes through an FJVR
valve and is returned to the original FH pipe just after the TRV valve.
In the case of an FH loop controlled by an FJVR valve (see Fig. 4e) the
needle valve is installed in parallel and the main SH control valve is
bypassed with a capillary tube. An alternative solution could be to
use a main SH control valve (electronic step valve) as a bypass valve
to keep the substation on the standby temperature, but the ques-
tion is: Can the valve and the circulation pump control such a small
flow and is the valve fast enough to close in the case of DHW tap-
ping to prevent the supply of 50 °C DH water into the FH loop?

Fig. 4f shows the implementation of CB for indirect SH systems
realised by bypassing the main SH control valve with an FJVR valve,
however the main SH control valve should be located before the SH
HEX (heat exchanger). The main SH control valve is in fact usually
situated at the return pipe of the HEX, i.e. in the position defined
historically by the need to protect the control valves from high
supply temperatures, which is not necessary from the perspective
of low-temperature DH. The change needed on the secondary side
(the in-house SH system) is the additional installation of a needle
valve in parallel with the FJVR or TRV valve. In this case, the SH HEX
is kept continuously at bypass standby temperature, but this is not
seen as a problem, because the HEX is expected to be insulated.

3.2. Modelling of CB

3.2.1. Reference house

The CB was modelled in a 157 m? single-family house fulfilling
the requirements of low energy class 2015 in accordance with the
Danish BR10 (Building Regulation 2010) [16]. This means that the
energy needed for SH, DHW heating and the operation of HVAC
systems should be below 37 kWh/(m?a) after accounting for pri-
mary energy factors. The house is described in more detail in Ref.
[17]. The house has two bathrooms (8.3 and 4.3 m?) and the CB
concept was implemented in both of them. The software used for
the simulations was advanced level of IDA-ICE 4.2 [18] and the
weather file DRY (design reference year) for Denmark was applied.
In accordance with BR10, the ventilation system is designed to
supply 216 m°/h and the heat recovery has 85% efficiency, ac-
counting for a drop in efficiency for very cold outside temperatures.
The windows in the house are shaded with external blinds (g value
of 0.14) drawn when the solar irradiation on the window increases
above 300 W/m?. Moreover, the windows are shaded by a 0.5 m
roof-overhang. Venting by opening of the windows starts when the
air temperature in the room rises above 24 °C and stops when the
air temperature drops below 22 °C. The windows cannot be opened
when the occupants are not at home, i.e. working days between 8
am and 3 pm. The internal heat gains in the whole house were
modelled as 5 W/m? constantly, but the heat gains from both
bathrooms were transferred to the living room and kitchen,
because based on [19] the internal heat gains produced in the
bathrooms are negligible. The operative temperature in the house
in all rooms is always below 26 °C, so the house fulfils BR10 [16]
requirements limiting the number of hours with an operative
temperature above 26 °C to less than 100 h a year.

3.2.2. Needle valve and FJVR bypass valve

As mentioned above, from the on-site measurements we could
not confirm whether the FJVR valve operates in continuous or pulse
mode because of the low resolution of flow metres. So we modelled

FJVR valve in both pulse and continuous operation and investigated
its importance for the performance of FH. We did this at two
different locations in the DH network defined with continuous flow
1.77 and 4.68 kg/h as described in Section 2.1.

CB supplied with a continuous flow of 1.77 kg/h was modelled
first with the needle valve, which is unable to stop the bypass flow
when the temperature is increased by DHW tapping, and then with
an FJVR valve blocking the bypass flow during and for 45 min after
every DHW tapping. The FJVR valve was modelled in three modi-
fications. First the FJVR valve was considered as an ideal controller
with no deadband, providing continuous bypass flow in the same
magnitude as the needle valve. Second, the FJVR valve was still
considered as an ideal controller with no deadband, but this time
with operation in pulse mode. Finally we considered a realistic FJVR
valve with a 3 °C deadband, resulting in pulse operation and an
increase of bypassed volume of roughly 50%, i.e. 2.6 kg/h. The same
cases were modelled also for a second location in the network, but
with the basic continuous flow of 4.68 kg/h, i.e. 71 kg/h when
considering the 50% increase of bypassed volume.

Fig. 5 compares the floor surface temperature Tpoor and the
temperature of water returning from CB Tye; for bigger bathroom
with installed CB solution for all four modelled cases, in both
investigated locations in the DH network. For the sake of compar-
ison, the floor surface temperature for the bigger bathroom, but
without CB concept, is also shown. The values in Fig. 5 are reported
in time steps of 3.6 s. The cases can be divided into three groups.
First, the reference case without CB (no markers), second the case
defined as continuous flow of 1.77 kg/h (lower half of the figure),
and third the case with continuous flow of 4.68 kg/h (upper half of
the figure).

It can be seen that for the case of 1.77 kg/h the maximal dif-
ference in Thoor (See Fig. 5a) for all four control strategies (one with a
needle valve and three with an FJVR valve) is 0.25 °C. The difference
increases maximally to 0.5 °C for the case of 4.68 kg/h and the
maximum differences in Tt (see Fig. 5b) are 0.3 °C and 0.7 °C,
respectively. Moreover, the curve of Ty also documents difference
between the FJVR valve with the ability to stop the bypass flow
when the temperature of bypassed water increases above the
desired set-point and the needle valve missing this feature. While
the Tt for CB realised with needle valve increases slightly after
each DHW tapping (see Fig. 5b — triangle markers, DHW tapping
performed at time h = 4488), the T for all cases realised with FJVR
valves decreases because the flow to the bathroom is stopped
during and for 45 min after the DHW tapping. Comparing pulse and
continuous flow of bypassed water, the pulse operation of the FJVR
valve (caused by the deadband) can be seen as an increase of Tpet
every 15 min (square markers). Nevertheless the Tgoor and Tye are
comparable with the case of ideal FJVR valve (circle markers)
modelled without the deadband as the continuous flow. Increase of
the bypass flow by 50% (diamond markers) follows the same
pattern and increases the Tqoor and Tre; accordingly.

Based on Fig. 5, it can be concluded that the difference in per-
formance of the FJVR valve modelled with continuous flow or pulse
flow is negligible and the total mass flow and the ability to block
bypass water with a temperature above 35 °C (missing in the case
of needle valve), is more important. Pulse operation of the FJVR
valve makes no noticeable changes in Tgoor, because the heat
delivered in pulses is averaged by the thermal mass of FH. The
difference in weighted averaged Tyt is also negligible.

This finding allows us to model the FJVR valve with continuous
flow, no matter if the bypass flow is in reality pulse or continuous.
Modelling the valve with continuous flow furthermore saves
computational time because the simulation of pulse bypass needs
time steps small enough to catch the nature of intermittent bypass
(around 30 s) while in some situations time steps for other heat
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Fig. 5. Comparison of: a) Tqeor and b) Tre¢ in CB for two locations in the DH network modelled with four different control strategies of bypass flow, output for results in steps of 3.6 s.

transfer phenomena in buildings can be increased to steps ranged
in hours. Moreover, output data reported every 30 s makes it very
difficult to analyse results because of huge amount of data.

3.2.3. Specification of modelled cases

The usual set-point temperature of external bypass valves
installed in low-temperature DH substations with the instanta-
neous principle of DHW preparation is 35 °C [5]. Nevertheless, the
assumption of CB supplied during the non-heating period
constantly with bypass flow of 35 °C is a considerable simplification
and does not reflect the influence of DHW tapping. During each
DHW tapping, the temperature of DH water at the inlet of the
substation increases to 50 °C (the supply media pipe is filled with
hot water at 50 °C). It takes approx. 45 min for water standing in the
service pipe to cool back down to 35 °C [2]. Moreover, during the
heating season, the DH substation is supplied with DH water with
temperatures of 50 °C or higher (peaking in very cold winters)
continuously. So the DH supply temperature to the substation can
be considered to be 50 °C during a heating period and for the rest of
the year (the non-heating period) to reflect the effect of DHW
tapping. We assume a 5-min period of DHW tapping every 3 h
(daily between 6:00-24:00), which means that the temperature in
the service pipe is 50 °C for 5 min during DHW tapping and then
drops linearly for 45 min to 35 °C. This means that while in the case
of CB realised with an FJVR valve, the valve stops the supply of FH
when the temperature of the bypass water is above 35 °C, in the
case of CB realised with a needle valve and in the reference case
with an FH loop controlled by an FJVR valve (installed on the return
pipe of the FH loop), the FH loop is supplied by bypass water lin-
early decreasing from 50 °C to 35 °C for a period of 45 min.

As described in Section 2.1, we investigated three different lo-
cations in the DH network, resulting in three different bypass flows.
The cases investigated are listed in Table 1 and described below in
detail.

Case 1 — FH whole year: Case 1 is a reference case without
implementation of CB, but the FH is on duty the whole year. The DH
substation is equipped with a traditional external bypass. FH loops
in both bathrooms are equipped with an FJVR valve at the return
pipe (one valve for each), controlling the mass flow to keep the
return water from each loop at the set-point temperature of 25 °C. If
the total flow rate is not enough to keep the inlet temperature to

the substation at 35 °C, the traditional external bypass opens to
keep the inlet temperature to the substation at 35 °C. On the other
hand, the flow needed in both bathrooms during the non-heating
period can be higher than the minimal bypass flow, resulting in
temperatures above 35 °C at the inlet of the substation. The tem-
perature of the DH water supplied by the service pipe during the
non-heating period in this case changes as a function of the flow
rate. The relationship between flow and temperature supplied by a
service pipe has been calculated by Ref. [2]. Moreover, by logging
the flow through the external bypass, it can be seen whether the
bypass flow needed in both FH loops controlled by FJVR valves is
high enough to be used instead of the external bypass.

Case 2 — FH only during the heating period: This example repre-
sents a second reference case, i.e. a substation equipped with the
external bypass and no heating demand in the bathrooms during the
non-heating period, i.e. FH in bathroom is controlled by an FJVR or
TRV valve, but the valves are closed during the non-heating period.

Case 3 — CB realised with a needle valve: This case represents CB
realised with a needle valve installed in parallel with a TRV or FJVR
valve. The flow rate through the needle valve for three different
locations in the DH network has been calculated by [8], taking into
account boundary conditions for the non-heating period. Flow
through the needle valve is stopped during a heating period. The
case does not consider changes in the temperature of bypassed
water caused by changes in ground temperature during a non-
heating period.

Case 4 — CB realised with an FJVR with a deadband: This case
represents an improved solution realising the CB concept by
replacing the needle valve with an FJVR bypass valve installed in

Table 1

Matrix of simulated cases.
Case Abbreviation Tsyp to Flow [kg/h]

B>35°C 177 468 936

1 noCB — FJVR Yes I I X
2 noCB — external BYP No 4 I I
3 CB — needle valve Yes v v v
4 CB — FJVR No 2.6 7.1 14.0
5 CB — electr. step valve No 17 I 1%
6 CB — FJVR + mixing loop No X 7.1 X

1 — Simulated, X — not simulated.
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parallel with the TRV valve. The difference is in the automatic shut
off of the “bypass” flow in the periods when the bypassed water has
a temperature above the bypass set-point. This means that the CB is
turned off during a space heating season and also for 5 plus 45 min
(needed for DH water in service pipe to cool down from 50 °C to
35 °C) after every DHW tapping during the non-heating season. In
this case, the FJVR valve is modelled as continuous flow, controlled
by a deadband of 3 °C resulting in a 50% increase in the volume of
bypassed water (Section 2.1) compared to the needle valve solution.

Case 5 — CB realised with an electronic step valve: This case is
modelled in the same way as the previous one, but with an ideal
FJVR valve without a deadband. This means that the bypass flow is
the same as in the case of a needle valve, but the bypass flow is
stopped if its temperature exceeds the set-point temperature of
35 °C. The FJVR valve without a deadband (in fact, there is always a
deadband, but it can be reduced) can be realised using an electronic
step valve controlled by a temperature sensor. However, the effect
of reduced deadband on the control stability of the valve should be
considered.

Case 6 — CB with mixing loop (direct SH) or heat exchanger (in-
direct SH): This case is an implementation of CB into the indirect SH
system or direct SH system with a mixing loop. Considering the
thermal efficiency of the HEX for SH equal to 1, both systems can be
represented by one model. The flow rate through the CB FH loop is
distributed proportionally to the floor area, i.e. 80 and 40 kg/h for
the bigger and smaller bathroom, respectively. The temperature of
the water supplied to the SH system during a heating season is
controlled by a P-controller measuring the operative temperature
in the bathroom and adjusting the supply temperature propor-
tionally in a range from 21 to 29 °C. The supply temperature to the
CB loop during a non-heating period is a result of mixing the bypass
flow required by the location of the building in the DH network
with the flow returning from the CB loop in a ratio such that the
total flow through the CB loop (both bathrooms) is 120 kg/h. The
mixing loop is not provided as default in IDA-ICE and should be
modelled by the user.

4. Results and discussion

4.1. Performance of FLOOR HEATING with/without comfort
bathroom

The figures below show the operative temperature Top and floor
surface temperature Tqoor reported with time steps of 0.3 h and, if
not specified, only for the bigger bathroom.

N
(<))

4.1.1. Heating period

Fig. 6 compares the performance of FH in the bigger bathroom
for one week during a heating period. This is directly connected FH
without a mixing loop controlled by a TRV valve with a set-point
Top = 20 °C (square markers), an FJVR valve with a set-point tem-
perature of 25 °C (sensing temperature of water returning from FH
loop, triangle markers), and FH with a mixing loop controlled with
TRV valve (circle markers). It can be seen that for the FH loop
controlled traditionally by an FJVR valve, T, is constantly around
21.5 °C and Tyqoor around 23.5 °C, while for the TRV valve the values
in both cases are 20.5 °C and 21.5 °C, respectively. The average Tqoor
is slightly higher for the case with the mixing loop than for the
directly connected solution because a lower supply temperature
and higher flow rate in the FH loop results in a better temperature
distribution, but on the other hand in worse cooling and therefore
also in slightly higher Tret.

The heat demand for both bathrooms is 90% higher for the
reference case with FJVR return valve during heating season than
for the case with TRV, as a result of Top being higher by 1.1 °C on
average. But most of the additional heat is recovered by the heat
recovery of the ventilation system, so the overall additional heat
demand of the house with FH controlled by FJVR return valve is
during the heating period 93 kWh, i.e. 4%.

4.1.2. Floor heating without CB

Fig. 7 shows results for a two-day period during the non-heating
season for bathrooms in two locations in the DH network. The
figure compares Tpoor and Top, for the reference case without FH
heating (Case 2 — black diamond markers), the case with FH
traditionally controlled by an FJVR (Case 1 — grey diamond
markers), and for the sake of comparison also with the CB concept
realised with an FJVR valve (Case 4 — circle and square markers). It
can be seen that Top and Theor are lowest for the reference case
without FH, with very small differences between both tempera-
tures. On the other hand, FH controlled with an FJVR return valve in
the traditional manner results in the highest Top and Thgor. As can be
seen, the curves for both locations are nearly identical and fall on
top of each other, confirming that in this case the amount of heat
delivered by the FH does not depend on its location in the DH
network. Furthermore, the set-point temperature of FJVR valve
25 °Cresults in Top over 24 °C for some time periods and it triggers
opening of a window. The window is closed again when Ty, drops to
22 °C, but the window opens only when occupants are at home
(curve without markers). In this case the window is opened for
415 h, i.e. 8% of the non-heating period, despite the building’s
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Fig. 7. T,p and Tpoor in bathroom during non-heating period, considering various control of floor heating system.

location in the DH network. However the flow of DH water required
by the FJVR valve with the set-point temperature of 25 °C is not
high enough to keep the inlet of the substation at 35 °C for the
whole non-heating period. In case of customer located close to the
heating plant the flow is below required value of 1.77 L/h for 3%
during non-heating period and for the customer located in the
middle of DH network the flow is below 4.68 L/h for 17% of non-
heating period. The results documents that FH controlled with
FJVR return valve installed on the return pipe cannot always ensure
the desired bypass flow for the whole non-heating period, so the
traditional bypass valve should be used anyway.

Top and Thoor in the bathrooms with implemented CB solution
located in close and middle distances from the DH heating plant lie
between the reference cases and depend on the water flow rate
defined by the position of the building in the DH network. Average
Top and Thoor for the reference case without FH during the non-
heating period are both 22.4 °C, meaning that the CB concept can
be used to improve thermal sensation of the occupants. Results for
all cases are summarised in Table 2.

4.1.3. Floor heating with CB

Fig. 8 shows Tqoor for a two-day period during a non-heating
season for the CB solution in three locations in DH network
(close, middle and far distances from DH heat source) realised with
a needle valve and an FJVR bypass valve with a 3 °C deadband and
compares them with both reference cases without CB. Based on the

Table 2
Comparison of simulated cases for non-heating period 15/4—15/11, i.e. 5160 h.

finding in Section 3.2.2, we modelled the bypass flow controlled by
the FJVR valve only as continuous flow.

It can be seen that Tqeor (and also T,p - not shown in Fig. 8)
depend not only on the bypass control strategy, but also on the
bypass flow rate defined by the location in DH network. If we
compare the same bypass strategy for different locations in the DH
network, it can be seen that the further the end-user is located from
the heat production plant, the more heat is transferred to the
bathroom FH expressed as higher Tqoor. For both CB strategies, Tqoor
in the location defined with continuous flow 4.68 kg/h is roughly
0.75 °C higher, and in the location defined as 9.36 kg/h 1.5 °C higher
than in the location with a continuous bypass flow of 1.77 kg/h.

If we compare Tqoor for CB realised with a needle valve and an
FJVR with a deadband in the same locations in DH network, Tqoor is
very similar, even though the nominal bypassed volume was 50%
higher in the case of an FJVR valve. The explanation lies in the shut
off of the bypass flow with the FJVR valve after each DHW tapping,
which results in a final difference in bypassed volume of around 6%
from original 50% (see Table 2). Similar can be concluded also for CB
realised in the system with a mixing loop.

Fig. 9 also shows Tgeor for CB located in three different places in
DH network, but compares CB realised with a needle valve with an
electronic step valve, i.e. an ideal FJVR bypass valve with a reduced
deadband resulting for the same locations in nominal bypass flow
rate equal to that for the needle valve. If the bypass flow rate in the
three locations investigated is reduced by 50% while retaining the

Case# Nominal bypass Top avg. Tpoor avg. Trer avg. Bypassed Average heat Energy used Heat demand Increase CB cost for Bypass cost for
flow [kg/h] [°C] [°C] [°C] volume  output from in FH [kWh] incl. FH [kWh] of heat customer DH company

[m3] FH [W] demand [%] [DKK] [DKK]
Location 1 1 1.77 235 244 252 243 97 500 2945 17% 325 —49
2 26 224 224 35.0 9.7 0 0 2352 0% 0 110
3 1.77 23.0 23.0 233 9.1 32 165 2518 7% 107 -3
4 2.6 22.7 23.0 232 9.7 29 150 2502 6% 98 12
5 1.77 229 229 229 6.9 22 116 2467 5% 75 3
Location 2 1 4.68 23.5 24.4 25.2 326 96 496 2943 17% 322 -199
2 71 224 224 35.0 25.7 0 0 2348 0% 0 97
3 4.68 232 23.8 244 241 72 373 2721 14% 242 -151
4 71 23.2 23.7 243 25.7 64 333 2681 12% 216 -119
5 4.68 23.1 233 238 16.8 46 236 2586 9% 153 -90
6 7.1 232 23.7 244 25.7 63 323 2697 12% 210 -119
Location 3 2 14.0 224 224 35.0 50.9 0 0 2348 0% 0 89
3 9.36 23.5 24.8 25.8 483 127 655 2996 22% 425 —341
4 14.0 234 24.6 25.6 50.9 111 571 2919 20% 371 —283
5 9.36 233 241 24.8 34.0 81 418 2766 15% 272 -213
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Fig. 8. Tpoor during a non-heating period in a bathroom with CB realised with a needle valve or an FJVR valve.

blocking function when the bypass water is above 35 °C, Tqoor iS
reduced by 0.1 °C, 0.25 °C and 0.25 °C in comparison to CB realised
with a needle valve (or a FJVR bypass valve with a deadband as
shown in Fig. 8).

4.1.4. Comparison of all cases investigated

Table 2 summarises the performance of all the cases investi-
gated for the non-heating period, i.e. from 15 April to 15 November
in the three different locations in DH network. The locations are
defined as locations where the DH water at the beginning of the
service pipe has a temperature of 50 °C, 40 °C and 37.3 °C,
respectively. The average return temperature reflects only the
performance of the external bypass/CB and does not take into ac-
count the volume of the DH water cooled during the DHW tapping.
Taking the DHW production corresponding to 3200 kWh/
(person.a) into account with designed cooling the DH water from
50 °C to 20 °C will decrease the average return temperature, but
from the perspective of heat loss reduction from the DH network
this effect can be neglected because DHW tapping accounts only for
3% of the day (40 min).

Table 2 shows that the CB solutions realised with a needle valve
(case 3) and an FJVR (case 4) for the same locations are comparable
from the perspective of Top, Troor and weighted average return
temperature of bypassed water Tt In all three locations investi-
gated, the FJVR valve results in an increase of roughly 6% in water
volume bypassed during the non-heating period. The last column in
Table 2 represents the running costs for the DH utility for bypass

operation in the 10 m long service pipe during the non-heating
season. The cost of the bypass operation is calculated as the cost
of heat lost in the service pipe during bypass operation (heat
loss = mass of bypassed water * water thermal capacity * temper-
ature difference at the beginning and the end of the service pipe)
minus the heat used in CB, which is paid for by the customer. We are
assuming a heat price of 650 DKK/MWh (currency exchange rate
1 DKK = 0.13 EUR). The cost calculation takes into account the
different temperatures at the beginning of the service pipe for
different locations in the DH network (namely 50 °C, 40 °C and
37.3°C) and 35 °C at the end. The results show that the heat sold for
operation of CB during the non-heating period covers, in most of the
cases, the running cost of bypass, while in the case of traditional
bypass operation it is a DH utility who pays for the bypass operation.

Although the CB realised with an FJVR valve (case 4) results in a
slightly higher volume of bypassed water than with a needle valve
(case 3), the average supply temperature is lower (because the
bypass is stopped if Ty is over 35 °C), which means less heat
transferred to the bathroom floor heating making the CB realised
with FJVR solution cheaper for the customer. The difference in
thermal environment is minimal. On the other hand, CB realised
with a needle valve will be a more beneficial solution for the DH
company because the customer will be paying for more heat.
However, it can be concluded that CB realised with an FJVR valve is
better because, in comparison with the needle valve, the adjustment
of an FJVR valve is very simple (adjustment of the desired temper-
ature, not the flow rate), the valve automatically changes the needed
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Fig. 9. Tqoor during a non-heating period in a bathroom with CB realised with a needle valve or electronic step valve.
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bypass flow based on the actual conditions in the DH network, and
CB is shut down automatically during a heating period.

The traditional external bypass solution realised with the same
FJVR valve but without redirecting the bypassed water (case 2) to
the CB results in same bypassed volume, but in the average return
temperature 35 °C, meaning reduced efficiency of the heat plant
and higher heat loss from the DH network. Moreover, this solution
is the most expensive for the DH company, and the customer has a
cold floor in the bathroom.

In the case of FH traditionally controlled by an FJVR return valve
(case 1), having the whole year adjusted to a set-point of 25 °C will
sometimes result in higher flow than needed to keep the service
pipe ready for use in the non-heating period. On the other hand, for
some periods the flow rate required by FH in both bathrooms will
be not high enough to keep the inlet of the substation at the desired
temperature, and it will call for the traditional external bypass
anyway. This solution means the customer will get higher Top and
Trioor but will also pay for a 17% increase in heat demand compared
to the reference case without FH during the non-heating period. For
the DH company, this solution means reduced cost for bypass
operation.

Further saving potential can be seen in the application of an
electronically controlled step valve (case 5) with a reduced dead-
band. Such a solution will result in reduced total bypassed volume
and therefore lower running costs to keep the DH network ready
for use. The volume of bypassed water will be reduced by roughly
30% compared to using an FJVR with a 3 °C deadband.

The heat additionally consumed by the customer using CB de-
pends on their location in the DH network and for the case realised
with an FJVR valve (case 2) ranges between 150 and 571 KWh for
the non-heating period, which represents an additional cost of
between 98 and 371 DKK, which is an increase of between 6 and
20% in total heating cost, as can be seen in Table 2. For the DH
company, this income means a reduction in costs related to heat
loss in service pipes.

But the main advantage should be seen in making good use of
heat carried by the bypass flow which would otherwise be lost in
the DH network and in the increase of the thermal efficiency of the
heat plants. So customers using the CB system should get some
kind of discount on the heat used in CB.

4.2. Effect of comfort bathroom on heat production and distribution

Implementation of the CB concept gives a valuable advantage at
network level thanks to the lower return temperature. The layout of
an existing low-temperature DH network described in Ref. [3]| was
chosen for a case study and the results are reported in Fig. 10 and
Table 3. It is important to stress that although the DH network
layout was adopted from Refs. [3], the investigation was made on
the reference house described in Section 3.2.1 and not on the
houses built in Ref. [3].

The network was modelled in the software Termis® [20] and
steady-state simulations were carried out, in which it was ensured
that the supply water temperature at the entry point of each in-
house substation was kept at 35 °C £+ 1.5 °C using a continuous
bypass flow that was then delivered to the bathroom FH system.
This condition represents CB realised with a needle valve. However,
since the total volume bypassed by an FJVR valve with a deadband
is only 6% higher, the results are considered valid also for the case of
FJVR with a deadband.

The heat load in each bathroom due to the radiant FH was set at
30 W for case B. This value was chosen as an average value during
the non-heating period assuming that customers do not open the
windows in the bathrooms, resulting in an increase of T, and
reduced cooling of bypassed water. Results for this simulation are

m = 9.36 kg/h

®
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; \ N (
\ A
\ \ ‘%7 = 4.68 kg/h
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Fig. 10. Plot of the supply temperature in the network with continuous bypass flow
and the “CB concept” during the non-heating season. The ATsyppiy-return in the FH was
set to 8 °C and flows needed to keep a constant 35 °C at the bypass.

=177 kg/h

therefore on the conservative side. As a consequence of installing
CB, the DH water was further cooled down in each house by 7.5 °C
on average (max.: 8.0 °C, min.: 4.0 °C, standard deviation: 0.8 °C)
and the average return temperature at the DH heating plant was
reduced from 27.7 °C to 23.8 °C. In comparison to the case without
CB, the lower return temperature along the distribution pipelines
decreases the heat loss from the return pipe by 35% (see Table 3).
However the table also shows that the distribution heat loss from
the supply pipe increased slightly. This phenomenon is due to the
twin pipe configuration: a slightly greater heat transfer from the
supply media pipe towards the surrounding ambient derived from
the lower return temperature, because the media pipes are
embedded in the same insulation and thus “thermally coupled”. As
an overall effect, the heat loss reduction due to the CB concept (by
the additional cooling of returning DH water) is approximately 13%.
Nevertheless lower return temperature requires additional energy
in the DH heating plant to heat up the DH water back to 55 °C, i.e. in
our example 0.7 kW. However at the same time, the customers use
in total 1.2 kW of heat in their CB. This additional heat demand is
from 40% covered by reduced heat losses in the DH network
(0.5 kW) and therefore the DH utility should bill the customers only
for the remaining 60%. Furthermore in case of the DH heat sources
profiting from the reduced return temperature as e.g. combined
heat and power production or heat plants with condensation of flue
gases the price of the heat used in CB during non-heating period
could be further reduced. The same is also valid e.g. for solar-

Table 3
Results from the network simulation with the application of only the “continuous
bypass” (A) or “CB concept” in the summer season (B).

Case Difference
A B
Heating power [KW] (plant) 3.8 4.5 18%
Tsupply [°C] (from the plant) 55 55 -
Treturn [°C] (to the plant) 27.7 23.8 -3.9°C
Additional heating power [kW] — 0.7 —
Total heat loss DH network [kW] 3.8 33 -13%
Heat loss supply [kW] 225 23 2%
Heat loss return [kW] 1.55 1 —35%
Total heating power in all CB [kKW] — 1.2 —
Heat in CB Covered by Customers [kW] - 0.7 58%
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thermal plants, where the lower return temperature mean
increased thermal efficiency. To evaluate economic value of
reduced return temperature for the heating plants is however not
in scope of this article.

4.3. Cost-efficiency

Considering the fact that the customers pay only 60% of heat
used in the CB the example of a CB controlled with an FJVR bypass
valve with a 3 °C deadband and operated during the non-heating
period costs the customer in the house located at the outskirts of
DH network 220 DKK, while close to the main line it will only cost
60 DKK. It is true that Tqoor for the customer located at the outskirts
of the network is on average 1.6 °C higher than for the customer
located close to the plant, meaning greater comfort, but he could
not be forced to pay more just because his house is located further
down the DH network. So it is suggested that the DH company will
deduct the energy used in the CB during the non-heating period
and instead charge the customer with a fixed price for the use of CB.
This price should be the same for all customers whatever their
location in the DH network and should reflect possible further
savings in the heat production based on reduced DH return
temperature.

The additional investment costs for implementation of CB can
be minimised if incurred during the in-house substation installa-
tion phase. In fact, it only involves the hydraulic reconnection of the
external bypass valve (which is part of the substation anyway) and
the possible installation of additional pipe to the FH loop.

In Denmark, DH distribution companies are non-profit, gener-
ally owned by the local authorities, so costs caused by the heat
losses are hidden in the final users’ heat price. Finally, most end-
users could be willing to pay the limited extra investment and
operational costs, given the improvement in the thermal comfort in
their homes.

5. Conclusions

The flow from the external bypass redirected in the non-heating
period to the floor heating in bathrooms gives customers the
sensation of a warm floor by increasing the average floor temper-
ature by 0.6—2.2 °C, while also reducing the return temperature of
otherwise insufficiently cooled bypass water. Furthermore, an in-
crease in operative temperature of 0.3—1 °C will contribute to the
reduction of relative humidity in the bathroom, usually high in the
Danish summer.

Depending on the location in the DH network, the temperature
of the bypassed water is reduced from 35 °C in the traditional
external bypass solution to 23.2—25.6 °C in the CB solution. For the
case study of a low-temperature DH network supplying 40 low-
energy houses, this meant a 13% reduction in heat loss from the
DH network during the non-heating period, corresponding to 40%
of the SH demand in the bathrooms during the summer. Consid-
ering this the cost of CB during non-heating season would be 60—
220 DKK, depending on the location of the customer in the DH
network, but we suggest an equal charge for all customers what-
ever their location. Moreover, reduced temperature of DH water
means better efficiency for heat plants.

The flow of redirected bypassed water can be controlled either
by a needle valve providing continuous flow or by a thermostatic
FJVR valve with a 3 °C deadband resulting in nominal flow rate 50%
higher than with a needle valve. However, if we take into account
the temperature increase of DH water in the service pipe after each
DHW tapping and the ability of an FJVR valve to stop bypass flow
when the water temperature is above the set-point temperature,
the two solutions are comparable. The solution with an FJVR valve

should be preferred because it does not need precise adjustment of
the bypass flow and reacts instantaneously to changes in the supply
temperature of DH water.

The CB concept can be further improved and heat loss from the
district heating network can be further reduced by using an elec-
tronic step valve, removing the disadvantage of the deadband in the
self-acting FJVR valve. This solution will combine the advantages of
needle and traditional FJVR valves, i.e. bypassing only the small
flow necessary to keep the service pipe warm. This would save
roughly 30% of the bypassed volume in comparison to using a
needle valve and further decrease the average return temperature
by 0.3—0.8 °C depending on the location in the network.

Application of the CB concept in the typical medium tempera-
ture DH network built from the single pipes without state-of-the
art insulation properties will result compared to the low-
temperature DH network in increased bypass flow needed to
keep inlet to the substation at 35 °C, but at the same time in a
possibility to save more heat from the return pipes due to the worse
insulation properties of the DH network. From the perspective of
the customers higher bypass flow mean more heat available in the
bathroom FH and thus higher comfort for discounted price.

Use of the CB concept is expected to be more beneficial in
traditional buildings then in low-energy buildings, as the floor
surface temperature will be lower and cooling of bypassed water be
higher.

Using the bypass water for bathroom FH is a cost-effective so-
lution for the DH utilities, the end-users, and society as a whole. The
utilities could earn money supplying heat that otherwise would be
wasted in distribution heat losses and they also benefit from lower
return temperatures. End-users can increase the comfort standard
in their houses in an economical way. Society as a whole would
benefit from the opportunity to include a larger share of low-grade
heat and renewable energy in the heating system, thus decreasing
greenhouse gas emissions and contributing to the country’s energy
security.
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Denmark is aiming for a fossil-free heating sector for buildings by 2035. Judging by the national heating
plan, this will be achieved mainly by a further spread of DH (district heating) based on the renewable
heat sources. To make the most cost-effective use of these sources, the DH supply temperature should be
as low as possible. We used IDA—ICE software to simulate a typical Danish single-family house from the
1970s connected to DH at three different stages of envelope and space heating system refurbishment. We
wanted to investigate how low the DH supply temperature can be without reducing the current high
level of thermal comfort for occupants or the good efficiency of the DH network. Our results show that,
for a typical single-family house from the 1970s, even a small refurbishment measure such as replacing
the windows allows the reduction of the maximum DH supply temperature from 78 to 67 °C and, for 98%
of the year, to below 60 °C. However for the temperatures below 60 °C a low-temperature DH substation
is required for DHW (domestic hot water) heating. This research shows that renewable sources of heat
can be integrated into the DH system without problems and contribute to the fossil-free heating sector

Renewable heat sources already today.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

To reduce CO; (carbon dioxide) emissions and increase security
of supply, Denmark has decided that all buildings will have 100%
fossil-free heating by 2035. To reach this goal, Denmark needs to
implement energy-saving measures on the demand side, increase
efficiency on the production side, and replace fossil fuels with
various sources of renewable energy [1]. DH (district heating) is
seen as the main solution for achieving the goal because it offers
faster and cheaper integration of renewable sources of heat than
individual heating sources. Based on the study, Heat Plan Denmark
2008 [2], it is planned to increase the share of DH from the current
figure of 46% to 53—70%, with the remaining heating demand,
which is mostly in areas with low heating demand density, being
supplied by individual heat pumps.

However, this widespread integration of renewable sources of
heat with high efficiency and thus reasonable cost will require
further reductions in DH supply and return temperatures [3].
Moreover, it will also be necessary to reduce the ratio between DH

* Corresponding author. Tel.: +45 45251884; fax: +45 45883282.
E-mail addresses: marek@byg.dtu.dk (M. Brand), ss@byg.dtu.dk (S. Svendsen).

0360-5442/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.energy.2013.09.027

network heat losses and heat consumption in buildings. This is
currently increasing due to reductions in heating demand thanks to
[4] the refurbishment of existing buildings and the increasing
number of low-energy buildings. The solution is to reduce DH heat
losses by using twin-pipe geometry (two media pipes in one cas-
ing), thicker insulation, and reduced supply and return tempera-
tures. This philosophy lies behind the concept of low-temperature
DH, in which the supply temperature is reduced to 55—50 °C and
the return temperature to 30—25 °C [5,6]. The minimum supply
temperature of 50 °C is defined as the lowest primary temperature
needed to supply the required 45 °C DHW (domestic hot water) at
tapping points [7]. Low-temperature DH is the optimal concept for
the integration of 100% renewable sources of heat.

Reducing heat loss from DH networks makes economic sense for
the whole system and also enables supply to areas with low heating
demand density, e.g. low-energy housing areas. The economic
feasibility and high level of comfort for occupants have been
demonstrated in a pilot low-temperature DH project in Lystrup,
Denmark, where low-temperature DH supplies an area with 42
low-energy single-family houses [8]. The heat loss from the Lystrup
DH network, with design supply/return temperatures of 50/25 °C,
is only one-quarter of what it would be if the network had been
designed with the traditional temperatures of 80/40 °C [9,10]. The
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houses are equipped with radiators designed for 50/25 °C supply/
return temperatures. The 50 °C supply temperature to the SH
(space heating) system is enough for newly built buildings,
designed mainly with floor heating or low-temperature radiators,
and there is still the option to boost the supply temperature during
the coldest periods. In fact, the DH supply temperature can be even
lower, but then it needs an additional system to heat up DHW to the
desired temperature level. Such a system has been recently tested
in Birkergd in Denmark, where four single-family houses are sup-
plied with DH with a temperature of 40 °C. This temperature is
enough for the space heating system, but the DHW is additionally
heated by a newly developed micro heat pump supplied with heat
from the DH network [11].

However, low-energy buildings still comprise only a small share
of the building stock while the majority are older buildings with
considerably higher heating demand. Existing buildings are usually
equipped with SH and DHW systems designed with supply tem-
peratures of around 70 °C or higher, so a reduction of DH supply
temperature would be expected to cause discomfort for the occu-
pants. These buildings will continue to make up a large share of the
building stock for many years (in Denmark, about 85—90% in 2030
[3]), so the question arises as to whether such buildings can cope
with low-temperature DH with supply temperatures of 55—50 °C
and, if not, what renovation measures need to be carried out on the
building envelope and the building heating and DHW systems, or
how the DH network should be operated.

Some scientific research has focused on DH in relation to the
refurbishment of existing buildings and reporting how much CO,
emission will be saved, how the reduced heating demand will affect
the DH companies from the perspective of heating sold and the
reduction in peak heat output of boilers, and suggesting new price
tariffs [12]. But we found no papers focussing on the possible
reduction of DH supply temperature to existing buildings, and
considering their DHW and SH systems from the perspective of
integration of renewable heat sources into the DH network.

The maximum supply temperature needed can be reduced by
improving the building envelope or by changing the original SH
system to low-temperature system. From the long-term perspec-
tive, the preferred solution is to reduce the energy demand by
improving the building envelope, but due to the cost not every
house owner is willing to do this. Changing the SH system is a
cheaper and faster solution, but it does not bring any energy sav-
ings; it just allows existing buildings to be supplied by DH with
reduced supply temperatures. The refurbishment measures carried
out on existing houses, e.g. those built in the 70s, vary from no
measures (original state) to extensive renovation, including
replacing the windows and wall and roof insulation. Replacing the
windows is the most typical refurbishment carried out on these
houses, because the window lifetime of 30 years has passed and a
relatively small investment brings considerable heat savings.

1.1. Proper design and operation of space heating system

To evaluate the possible reduction of supply temperature to
existing buildings, we should start with the proper design of an SH
system and with realistic operation conditions. According to Danish
Standard DS418 [13], SH systems should be designed for an oper-
ative temperature of 20 °C as an indoor temperature, a steady-state
outdoor temperature of —12 °C, and no internal and solar heat
gains. The operative temperature involves both air and mean
radiant temperature, and thus defines how the occupants perceive
the environment. Nevertheless, it is very probable that SH systems
in the 70s were in fact designed with the air temperature alone,
because the hand calculation of operative temperature is simply
very complicated. In low-energy buildings, the difference between

operative and air temperature is very small, so error caused by
using air temperature is negligible, but in older buildings, con-
structed without good insulation properties, the difference can be
rather high due to cold surfaces. This means that, even when the air
temperature is at a comfort level of 20 °C, the occupants can feel
cold because the operative temperature is lower (e.g. 18 °C).
Moreover occupants tend to set the operative temperature to 22 °C
instead of 20 °C [10]. This raises the question of how an SH system
designed on the basis of air temperature will perform when the
occupant increases the set-point temperature and how this will
affect the DH network. Both will result in the need for higher heat
output from the SH system and thus increased water flow and
higher return temperatures from the SH and also DH system and, if
one of the systems does not have enough hydronic capacity, this
can cause thermal discomfort for customers. This clarification is
therefore important in any investigation into the possible reduction
of the DH supply temperature.

1.2. DHW system

Considering the possibilities of reducing the DH supply tem-
perature to 50 °C, it should be kept in mind that DH is used also for
DHW heating. For DH supply temperature reduced below 60 °C, the
recently used DHW substations need to be replaced with specially
designed low-temperature DHW substations. Such substations
with compact and very effective heat exchangers are already in use
in Lystrup [5] and provide a high level of comfort for occupants as
well as good cooling of DH water. For the design conditions, i.e.
13.2 L/min of DHW heated from 10 to 45 °C, the substation provides
cooling on the primary side from 50 to 20 °C [14]. The only change
the customers experience is the maximum DHW temperature
reduced to about 47 °C which is still enough. However since the
DHW temperatures is below 55 °C a special attention should be
paid to the risk of Legionella, increased mainly in the temperature
range 30—50 °C. Most of the national DHW standards therefore
require minimal temperature of DHW to 55 °C, simply not reach-
able by low-temperature DH. Nevertheless due to the German
standard DVGW 551 [15] there is no requirement for the minimal
DHW temperature for “small DHW systems with volume below 3 L”
(excluding volume of the heat exchanger and DHW circulation
loop) giving the possibility to use low-temperature DH anyway. In
fact most single-family houses with a modern DHW system will
fulfil this requirement, because 3 L for 5" pipe (DN 15) means 15 m
of pipes, which should be enough. If the volume of water in the
DHW pipes is above 3 L, the piping can be changed from 1/2” to 3/
8”, which will increase the maximal length of the pipes to 25 m.

Where buildings currently use an in-house substation with
DHW storage, a 3 L requirement can be fulfilled by replacement of
the original substation with a 120 L storage tank for DH water [16].
The principle is shown in Fig. 4. The storage tank acts as a buffer
tank for DH water, and DHW is heated instantaneously in the heat
exchanger only when needed. In such a solution, there is no storage
of DHW, which otherwise should follow the rules about a minimum
temperature of 55 °C. DHW circulation is not prohibited for either
type of DH substation, but it is not recommended because of large
heat losses.

For multi-storey buildings with a traditionally designed DHW
system with vertical risers, low-temperature DH can only be used
if some kind of DHW disinfection is provided, because the volume
of the DHW system is above 3 L. Thermal disinfection is a well-
known concept, but the connection of low-temperature DH
means there is a need for an additional source of heat, because
efficient thermal disinfection needs at least 60 °C while the
supply temperature of low-temperature DH is only 50 °C. The
higher the disinfecting temperature is, the shorter time water
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Fig. 1. Construction of weather-compensated supply temperature curve for non-renovated house, set-point temperature 22 °C.

needs to stay at that temperature to be disinfected [17]. If we
exclude fossil-fuel-based heat sources, one solution could be an
electric resistance heater coupled with the heat exchanger for
heat recovery, cooling the DHW to ensure that all flats get a
temperature of 45 °C in kitchen taps. Another possibility is the
use of AOT (Advanced Oxidation Technologies), where UV (ul-
traviolet) lamps form free radicals by irradiation of a catalytic
surface. The radicals then break down contaminants in the water.
The process occurs only inside the purifier and leaves no harmful
residuals in the water [18]. One UV lamp is installed on the cold
water supply to the DHW heat exchanger and another UV lamp
on the DHW circulation just before the heat exchanger. The so-
lution was tested in Ref. [ 17] with good results. The disadvantages

of such a solution are considerable investment and running costs,
because the lamps need to be changed once a year. Over the
lifetime of 20 years, it means around DKK 3800 per annum [19].
This solution could work for DHW systems supplying several flats
where the tenants share the costs, but as an alternative for use in
single-family houses it is currently too expensive. However a
state-of-the-art solution for multi-storey buildings will be use of
individual in-house substations in each flat [20], so called “flat
stations”, resulting in the same requirements for DHW system as
for the individual connection of single-family houses. However
need of a complete renovation of the DHW and SH system makes
this solution expensive and therefore not commonly used for the
existing buildings.
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Fig. 2. Percentage of hours during a year with supply temperature higher than 50 °C.
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Fig. 3. Supply temperature curves for all the investigated cases.

1.3. Objective

This paper describes research into the possible reduction of DH
supply temperatures for a typical single-family house from the 70s
at three different stages of building envelope refurbishment, so that
we can evaluate the possibility of integrating existing buildings into
low-temperature DH networks based 100% on renewable heat
sources. The investigation takes into consideration the proper
designing of the SH system and the effect of the indoor set-point
temperature on the annual heating demand, maximum heat
output, and hydronic conditions in SH and DH systems.

2. Methods

For our investigation, we chose a typical one-storey single-
family house with pitched roof built in 1973, with an area of 157 m>.
The house was part of the Realea renovation project [21], in which
four typical single-family houses built in 70s underwent different
levels of refurbishment to see how much energy can be saved with
the different kinds of refurbishment measures. All the houses from
the Realea project are connected to the traditional district heating
network and thus feasible for our investigation. Moreover all the
houses were extensively measured for two years before and after

Fig. 4. Principle of low-temperature DH substation with buffer tank for DH water [16].

refurbishment, which gave enough information to build and cali-
brate the numerical model which we used for the investigation. We
modelled the house as a multi-zone model (each room was
modelled as an individual zone plus one zone representing the
attic) in the commercially available software IDA—ICE 4.22 [22]. The
difference in the heating demand measured in the house and
simulated with our model was 2.5% for the non-renovated house.
For this comparison, we used the real weather data measured
during the period of house measurements. All the subsequent
simulations were made using the weather file, DRY (Design Refer-
ence Year) for Denmark.

First we designed the space heating (SH) system for the house in
its original state from 70s, i.e. the non-renovated house, to define
the maximum heating output for the SH system and the limit flow
rate of DH water, both needed for dimensioning the space heating
(SH) system and the DH network. The SH system was designed as a
two-pipe system with the radiators connected directly to the DH
network and without mixing loop. Therefore the supply tempera-
ture to the radiators is equal to the DH supply temperature. The
design was made in accordance with Danish Standard DS418 [13],
with temperature levels of 70/40/20 °C (supply/return/air tem-
peratures), but based on the indoor air temperature. The reason for
this approach was to evaluate the effect on the SH system and DH in
cases when the SH system really was designed on the basis of air
temperature instead of operative temperature.

To simulate realistic conditions, we later introduced constant
internal heat gains 4.18 W/m? [23] and we ran an annual simulation
for the DRY weather file. As the first step, we found the minimum
DH supply temperature needed to ensure operative temperatures
of 20 and 22 °C during the coldest period of the year. The operative
temperature 22 °C was chosen to make the investigation valid for
realistic human behaviour. In the next step, we introduced control
of DH supply temperature based on the outdoor temperature so
that the DH supply temperature could be low as possible but at the
same time without the DH water flow exceeding the flow limit
defined for the design conditions based on DS418. This relationship
between outdoor temperature and DH supply temperature is called
the supply temperature curve. Using the same approach, we found
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the supply temperature curve also for both a lightly and an
extensively renovated house, but we kept the SH system un-
changed, i.e. in the state as it was originally designed. This repre-
sents the situation, when the housing envelope is improved
(windows, insulation on the ceilings, etc.), but the SH system is left
unchanged.

In the second step, we also replaced the original radiators with
low-temperature radiators. The length and the height of the radi-
ators were the same, but the depth was changed. The original ra-
diators had two panels (plates filled with water) and one convector
plate increasing the heat transfer area (i.e. radiator type 21) [24],
now the radiators had three panels and three convector plates (type
33). The power curve coefficient n, which is needed for recalcula-
tion of the heat output based on the supply temperature, was
changed accordingly.

As the last step, we also considered the possibility of increasing
the limit for heating water flow rate, both the in DH network and in
the SH system. The results are reported separately for the different
stages of building envelope refurbishment.

3. Results and discussion
3.1. Non-renovated house from 1973

The SH system was designed for an outdoor temperature
of —12 °C [13], but taking into consideration an air temperature
20 °C, our example of a non-renovated house results in a heat loss
of 9.2 kW. The DH supply temperature of 70 °C theoretically cor-
responds to maximum water flow (in both the SH and DH systems)
of 264 L/h (with cooling in the SH system of 70/40 °C). However,
real radiators are available only in certain nominal power and thus
a slight over-dimensioning by a total of 550 W results in a
maximum water flow rate of 245 L/h with slightly more cooling, i.e.
the return temperature is 37.6 °C instead of the designed 40 °C (see
Table 1). The air temperature for all rooms was 20 °C, but the
minimum operative temperature was only 18.4 °C. This was due to

Table 1
Comparison of heating demand, peak heat output (Pyax) and weighted average re-
turn temperature (Trw) for all the investigated cases.

Toperative Internal Tgypmax RAD® Prax  Trw [°C] Heating  Prax Heating

[°C] heat [°C] [kW] demand reduction demand
gains [MWh/a] [%] reduction
[W/m?] [%]
Non-renovated house — basic
20° 0 700 O 92 376 - - -
20 0 700 O 94 40.2 — — —
20 4.18 730 O 9.9 30.1 20.0 — -
22 4.18 780 O 105 329 24.6 -6 -23
22 4.18 673 LT 105 27.6 24.6 -6 -23
Non-renovated house — advanced
22¢ 4.18 700 O 105 35 245 0 0
224 4.18 780 O 105 33.1 24.6 0 0
22°¢ 4.18 780 O 78 325 21.7 25 12
Light renovation — new windows
20 0 700 O 7.7 33.0 X — —
20 4.18 620 O 7.8 271 14.9 21 26
22 418 670 O 8.3 304 184 21 25
22 4.18 59.0 LT 83 257 184 21 25
Extensive renovation
20 0 700 O 5.8 282 x
20 4.18 531 O 5.47 24.7 9.9 45 50
22 418 570 O 5.80 28.1 124 45 49
22 4.18 50.0 LT 5.82 24.1 124 44 50

O = original radiators, LT = low-temperature radiators.
Dimensioned based on air temperature.

Maximum flow limit increased to 400 L/h.

Time delay in DH supply temperature control.
Simulated with “measured weather data input”.

c

e

cold walls and windows, so the occupants would be not satisfied. To
reach 20 °C operative temperature in all rooms (with the same SH
system), the maximum heat output would have to increase to
9.4 kW and the maximum water flow rate to 280 L/h (see Table 1).
An increase of 0.2 kW in maximum heat output and of 35 L/h in
water flow rate is not a problem for the DH network or for the SH
system, so it makes no practical difference whether the SH system
is designed for an air or operative temperature. The only thing that
matters is to be aware of the difference between air and operative
temperature from the perspective of the thermal comfort.

Simulation with an SH supply temperature of 70 °C (design
condition), the DRY weather file, and internal heat gains (4.18 W/
m?) representing the realistic use of the building increases the
maximum needed heating output to 9.9 kW and the maximum flow
rate 324 L/h. Furthermore, occupants tend to operate the SH system
with an operative temperature of 22 °C, which increases the
maximum heating output further to 10.5 kW and the maximum
flow rate to 432 L/h (not reported in Table 1). This corresponds to
only a 14% increase of the maximum heat output, but to a 64% in-
crease in the design water flow rate. This high increase in flow rate
is caused by the fact that the SH system has to operate above the
design conditions, and it results in reduced cooling and increased
flow of the heating water. This shows that realistic use of the SH
system results in the need for greater heat output than it was
designed for, and the most common solution is an increase of DH
supply temperature above 70 °C to avoid problems with enough
flow in DH network and to satisfy all customers.

3.1.1. Supply temperature curve construction

The results presented so far were simulated with a constant
supply temperature of 70 °C and the option of exceeding the design
flow rate limit. Now we limit the maximum DH flow rate to 264 L/h
(value based on DS418 design) and modify the DH supply tem-
perature curve based on the outdoor temperature to the lowest
possible level without violating the flow limit and a high level of
thermal comfort.

The optimal supply temperature curve (see Fig. 1) for a non-
renovated house was found by using the following procedure.
First, we found the lowest constant supply temperature that gave
an operative temperature of 22 °C during the whole heating period
(DRY weather file) without exceeding the maximum flow rate of
264 L/h. This result defined the supply temperature for the coldest
period and for Top 22 °Ciis represented by point [-20; 78] where the
coordinates are outdoor temperature and DH supply temperature,
respectively. Then we changed the supply temperature to 50 °C
(low-temperature DH concept), removed the DH flow limitation
and the result revealed the outdoor temperature when the flow
rate with 50 °C supply temperature exceeds the 264 L/h limit, i.e.
point [5.5; 50]. Next we connected the two points obtained in the
previous two steps and defined the supply temperature curve (see
Fig. 1). The curve is valid for the case of a non-renovated house
heated to an operative temperature of 22 °C, and the highest
needed supply temperature is 78 °C.

Fig. 1 shows that, for the situation with the supply temperature
curve defined only by two points ([—20; 78] and [5.5; 50]), the flow
exceeds for some periods the limit of 264 L/h (Fig. 1 — diamond
markers). This situation occurs roughly for 170 h over a year and
will result in reduced thermal comfort for occupants. The reason
the water flow is above the limit just for some periods is the
thermal capacity of the building and the history of outdoor tem-
perature. When the outdoor temperature increases fast, resulting in
a fast drop of the DH supply temperature, the inside of the building
construction is still “cold” from the period with lower outdoor
temperatures, so it is still receiving heat from the indoors to
establish a new heat balance condition (i.e. to heat up).
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The simplest solution would be to raise the whole supply tem-
perature curve until the maximum flow rate remains below 264 L/
h, but this will result in long periods with a higher supply tem-
perature than needed and thus higher heat losses from the DH
network and reduced efficiency in the use of heat sources. A better
solution is to find the supply temperature curve that over the whole
heating season results in a flow close to the limit value. Fig. 1 shows
such a supply temperature curve, defined by the addition of just
one additional point [—10; 71]. The DH flow rate (triangle markers)
is exceeded only three times (totalling around 1 h), which can be
negligible considering the thermal inertia of the building.

Fig. 2 shows the percentage of hours in a year when the DH
supply temperature needs to be increased above 50 °C to satisfy the
heating demand of the house. The figure also reports results for the
other cases investigated, which are described in Sections 3.2 and
3.3. It can be seen that for the non-renovated house, the supply
temperature to the SH system needs to be increased above 50 °C for
41% of hours in a year. For 22% of hours in a year, the temperature
needed to be above 55 °C, and so on.

Fig. 2 shows that, in the least favourable conditions represented
by the non-renovated house in its original condition from the 70s
and an operative temperature 22 °C, the DH supply temperature
needed to be increased above 50 °C for 41% of the year, 8% of hours
above 60 °C, 1% hours above 70 °C and 0.2% of hours (20 h) above
75 °C.

An alternative solution to the optimised supply temperature
curve (constructed from more than two points) could be the
introduction of a time delay in the DH supply temperature control
for periods when the outdoor temperature increases. We simulated
the non-renovated house with an operative temperature of 22 °C
and the original temperature supply curve defined by just two
points, but introduced a time delay of 6 h in the periods when the
outdoor temperature was increasing. This case in figures denoted
“non-renovated 22 °C Ty SHIFT”. For the periods when the outdoor
temperature drops, the current value of the outdoor temperature
was used. The time delay reduced the maximum flow rate to 280 L/
h, but increased the period with a supply water temperature of 50—
60 °C by 12%. Further increases in the time delay would decrease
the maximum water flow rate, but increase the periods with a
supply temperature above 50 °C.

3.1.2. Measured weather data input

The results above are based on the DRY weather file, which
contains extreme values for designing buildings and buildings
services. With real data (denoted in Table 1 with upper case “e”)
measured during 2009 close to the site of the Realea project, the
heating demand of the house decreases by 12% and the number of
hours with a supply temperature above 50 °C decreases by 10% in
comparison with the DRY weather file.

3.1.3. Limited DH supply temperature

The scenario presented in Section 3.1 considered the availability
of a DH heat source providing supply with a temperature of up to
78 °C. However, this cannot always be assured, so it is interesting to
investigate conditions when the supply temperature is limited to
70 °C. The lower supply temperature requires an increase in the
limit in water flow rate in both the SH and the DH system.

In the case of the non-renovated house, the 70 °C supply tem-
perature limitation results in a maximum water flow rate of 432 L/
h, i.e. 64% more than in the original case. By proper adjustment of
the supply temperature curve, this flow rate can be kept for the
whole heating period. In comparison with the original case (max.
supply temperature 78 °C, max. flow rate 264 L/h), the percentage
of hours with the supply temperature over 50 °C decreases from
41% to 29% hours, and the period with the supply temperature

above 60 °C drops from 3% to 2% of hours. Increased maximum flow
rate also slightly increases the weighted average return tempera-
ture from the SH system, from 32.9 to 35 °C. But the really impor-
tant question is whether the DH network and the house SH system
can handle a 64% increase in maximum flow rate.

3.1.3.1. Hydronics of the SH system. The standard approach to
design the diameter of pipes for SH systems in the 70s was the method
of economical velocity with values suggested between 0.8 and 1.2 m/s
[25]. Taking into account the pressure drop on the path to the critical
radiator (usually the most distant one) and by including the pressure
drop in the radiator, the thermostatic radiator valve and the local
pressure losses, the whole SH pipe network in the house can be built
from steel pipes with a diameter of 3/8” (DN10). The maximum ve-
locity of the heating water in this case with an operative temperature
set-point of 20 °C s calculated to 0.42 m/s and the total pressure drop
to 9.4 kPa. In fact, the SH piping network is usually made from 2"
(DN15) pipes and this reduces the maximum velocity to 0.25 m/s and
the total pressure drop to 2.8 kPa. For directly connected SH systems,
the additional pressure drop of 4.8 kPa from differential pressure
controller (k—v value 1.6 for flow 264 L/h) should be added, and for
indirectly connected SH systems, the pressured drop of the SH heat
exchanger should be taken into account.

A 64% increase in the maximum flow rate (to 432 L/h) in 3/8”
pipes means a maximum velocity of 0.71 m/s and a total pressure
drop of 25.3 kPa (2.53 mH;0); in ¥4” pipes, this means a maximum
velocity of 042 m/s and a total pressure drop of 13.7 kPa
(1.37 mH;0). Both these figures include a 7.3 kPa pressure drop from
the differential pressure controller. Directly connected SH systems
typically have 50 kPa (0.5 bar) of available differential pressure, so
even the less favourable solution with 25.3 kPa pressure drop does
not represent any problem for SH systems. For indirectly connected
systems, the maximum available pressure depends on a circulation
pump, which can easily be changed if the increased pressured drop
exceeds the head pressure of the pump. But it should be emphasised
that, to avoid noise problems, the maximum suggested velocity of
water in pipes should be below 1 m/s.

3.1.4. Low-temperature radiators

Furthermore, the low-temperature DH concept can be extended
to existing buildings by replacing existing radiators with low-
temperature radiators and thus change the design operating con-
ditions from 70/40/20 to e.g. 50/25/20. The DH flow limit is still
kept at 264 L/h, but bigger radiators mean an opportunity to reduce
the supply temperature. In our example, we decided to keep the
length and height of the radiators and only changed their depth.
This meant that while all the original radiators were type 21, the
low-temperature radiators were type 33 [24]. In this way, replacing
the radiators is very easy, because the radiators can be connected to
the existing piping system without any changes.

Fig. 3 shows that the low-temperature radiators allow the non-
renovated house to reduce the original supply temperature curve
from a maximum value of 78 °C down to 67.3 °C. At the same time,
the outdoor temperature when the DH supply temperature needed
to be increased over 50 °C (also called the breaking point) moved
from 5.5 to 1 °C, which is 4.5 °C lower than in the original case.
Lowering the supply temperature curve also reduces the number of
hours with supply temperature above 50 °C by 83%—7% of hours in
the year (see Fig. 2) and by 94%—0.15% hours in year for the supply
temperature above 65 °C. The weighted average return tempera-
ture from the SH system decreases from 32.9 to 27.6 °C.

3.1.5. One-pipe system
The simulations do not consider one-pipe heating system ac-
counting for ten percent of the houses in Denmark. One-pipe
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heating system is not seen as a good solution for low-temperature
DH because it can be characterised as a system with need of a
higher supply temperature, low cooling and therefore higher flow
to DH than a two-pipe system. Increased flow can lead to problems
with the hydraulic capacity of the DH network and higher supply
and return temperatures result in higher heat losses from the DH
network and lower efficiency of heat sources. Therefore the
reduced cooling is usually fined by the DH company. The cost of
replacing a one-pipe system with a two-pipe system for single-
family house is estimated at DKK 60,000 [26]. However one-pipe
systems should be still analysed to evaluate their influence on
low-temperature DH.

3.2. Light renovation — changed windows

As a typical light renovation measure, we chose replacement of
the windows, because the expected lifetime of 30 years is over, so
most of these houses have already done so. This assumption is
further strengthened by the fact that for a relatively small invest-
ment house owners get considerable energy savings. In the period
around year 2000, the original windows from the 70s (overall Uy
value of 3.2 W/(m? K)) were replaced with “energy-glazing” win-
dows with a U-value of 1.2 Wj(m? K), resulting in an overall Uy
value of 1.5 W/(m? K). The new windows also reduce air infiltration
by 15% to 0.41 h~! (0.278 L/(m? s)) [21].

Peak heat output and heating demand are reported in Table 1.
First we can see that the heating demand for SH decreased from
20.0 MWh to 14.9 MWh for an operative temperature of 20 °C and
from 24.6 MWh to 18.4 MWh for an operative temperature of 22 °C.
In both cases, this corresponds to a reduction of 27%. The maximum
heating power needed for the SH system with an operative tem-
perature of 22 °C is reduced from 10.5 kW to 8.3 kW, which makes
it possible to define a new supply temperature curve. From the
original 78 °C for a non-renovated house, the maximum value
decreased to 67 °C with the breaking point of 0.5 °C. Replacing the
original radiators with low-temperature radiators shifts the supply
temperature curve down by 8 °C and the maximum supply tem-
perature is therefore further reduced from 67 °C to 59 °C. In com-
parison with the non-renovated house, the number of hours with a
supply temperature above 50 °C (see Fig. 2) decreases by 60%—
16.5% of hours over the year and by 95%—2% of hours with low-
temperature radiators.

This reduction in the heating demand brings closer the possi-
bility of using 50 °C all year round. This becomes possible if the DH
network can guarantee a maximum flow rate for SH of 520 L/h. For
directly connected SH systems designed with ¥2” pipes and differ-
ential pressure controller with k—v value 1.6, this means a
maximum velocity of 0.51 m/s and a design pressure drop of
19.2 kPa (19.2 mH;0), both of which are in an acceptable range. This
solution would also be possible for 3/8” piping, but would result in
a maximum velocity of 0.85 m/s and a maximum pressure drop of
46.2 kPa (4.6 mH,0), which are very close to the maximum values.

3.3. Extensive renovation

The extensive renovation of the house was modelled on the
Realea project [21]. This was carried out by adding 300 mm insu-
lation above the ceiling (Ains = 0.56 W/(m? K) including the effect of
wooden beams), and by insulating the wooden beams that bear the
roof construction with 125 mm of insulation (4jps = 0.039 W/
(m? K)) and 13 mm gypsum board. The overall heat transfer coef-
ficient U for the ceiling construction was reduced from 0.48 to
0.14 W/(m? K) and for the insulated beams from 1.1 to 0.24 W/
(m? K). Moreover, the thermal bridges between the inner and outer
wall around the windows were reduced by inserting 30 mm of

polystyrene (in simulations modelled as reduced linear heat loss
from 0.0736 to 0.0192 W/(K m)). Windows facing west and north
were replaced with triple-glazed low-energy windows with an
overall Uy, value of 0.9 W/(m? K) and a g value of 0.5. The change of
the windows reduced air infiltration by 15%, as in the case of light
renovation, i.e. to 0.613 h~. Table 2 shows the impact of the indi-
vidual renovation measures on the annual heating demand.

It can be seen that the largest reduction in heating demand was
achieved by insulating the ceiling: roughly 21%. The next most
effective solution was replacement of the windows (only west and
north fagades), contributing to a reduction in annual heating de-
mand of roughly 18%. The change of the windows would have had
greater effect if all the windows had been changed. The other
refurbishment measures each contributed less than 5%. The
numbers given describe only the heating demand saving potential
and say nothing about the economic feasibility of the individual
measures, but these refurbishment measures were chosen in
Realea project as the most cost-effective solutions.

Compared with its original state, extensive renovation of the
house reduces the annual heating demand for SH from 20.0 MWh
to 99 MWh for an operative temperature of 20 °C and from
24.6 MWh to 12.4 MWh for an operative temperature of 22 °C. In
both cases, this is a reduction of about 50%. Moreover, the peak
heating demand in each case is reduced from 9.4 kW to 10.8 kW to
5.5 kW and 5.8 kW, respectively.

The flow rate limit 264 L/h for the extensively renovated house
represents a supply temperature curve with a maximum value of
60 °C, and this fits in with the philosophy of low-temperature DH
with increased supply temperature during winter. A supply tem-
perature in the range 50—55 °C is needed only for 3% (295 h) of a
year and for just 20 h in range 55—60 °C. The weighted return
temperature is 28 °C. Furthermore, replacing the radiators with
low-temperature radiators means that the extensively renovated
house can be supplied by DH water with a constant temperature of
50 °C during the whole year without exceeding the maximum flow
of the original DH network and a weighted return temperature
241 °C.

3.4. Impact of DHW on reduction of annual weighted return
temperature

DHW demand was expected to be 79 m3/a of 45 °C DHW (cor-
responding to 800 kWh/(a person)) [27], which is only 8% of the

Table 2
Impact of individual refurbishment measures on annual heating demand; measured
weather data input, set-point temperature ¢, = 20 °C.

Heating Heating demand
demand reduction
(MWBRT " IMwhyal [%]
Non-renovated 18.8 - -
house
Improved thermal 18.3 0.4 2
bridges on windows
Additional 300 mm 144 39 21
insulation to the ceiling
Reduced air infiltration 13.6 0.8 4

with new windows from
0.327 to >0.27795 L/m? s

New low-energy windows 103 33 18
on W + N, Uy from 3.2
to >0.9 W/(m? K)

Added 125 mm insulation to 9.4 0.9 5
wooden bearings for the
roof construction
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volume needed for SH in case of non-renovated house heated to
22 °C. The return temperature from the DHW heat exchanger
changes with varying DH supply temperatures and cold water
temperatures. It can be precisely calculated, but as a rough esti-
mation we can expect an average return temperature of 20 °C. In
the example of the non-renovated house, it reduces the annual
weighted average return temperature from 32.9 to 32 °C, which
corresponds to an 8% decrease.

4. Conclusion

The results show that a typical single-family house built in 70s
and recently still without any renovation measures can be heated
by low-temperature DH with supply temperature 50 °C to an
operative temperature of 22 °C roughly for 59% (3600 h) of year.
However to avoid compromising of thermal comfort or exceeding
the design flow rate in the DH network the DH supply temperature
should be raised above 60 °C for roughly 8% of year (700 h).
Considering the average DH supply temperature of 79 °C during the
heating season 2010 solely from the perspective of the SH systems,
the DH supply temperature can be considerably decreased even for
non-renovated houses, representing the most unfavourable
conditions.

However in reality, most houses from the 70s have already
replaced their original windows, which mean that the maximum
value and the duration of increased DH supply temperature can be
further reduced. In our example, it means a reduction from 8% to
only 2% (175 h) of hours in the year when the temperature is above
60 °C. Therefore it shows that for most houses from the 70s it is
possible to decrease the DH supply temperature below 60 °C for
almost whole year and integrate renewable sources of heat with
high efficiency, thus contributing to the fossil-free heating sector
already today.

Furthermore, by installing low-temperature radiators (with the
same outer dimensions as the original ones), the maximum supply
temperature can be reduced to 59 °C so that there is no period with
a DH supply temperature over 60 °C. The same supply temperature
curve is also valid for the extensively renovated house (new low-
energy windows and attic insulation) with the original SH sys-
tem. If the extensively renovated house also replaces its space
heating system with low-temperature radiators, it can then be
supplied all year around with a DH supply temperature of 50 °C.
The duration of periods with a DH supply temperature above 50 °C
is reported for an operative temperature of 22 °C to model a real-
istic set-point temperature preferred by occupants. The durations
for an operative temperature of 20 °C will be shorter.

However, the reduction of the DH supply temperature to below
60 °C does require changing DHW heat exchangers to special low-
temperature heat exchangers and traditional DHW storage tanks to
low-temperature DH storage tanks. We suggest that DH utilities
should start requiring the replacement of existing DH substations
with low-temperature DH substations already today, because this
will ensure that in 20 years (the typical lifetime of a DH substation)
all newly installed DH substations will be ready for low-
temperature DH.

The DH supply temperature curve, which represents changes in
DH supply temperature based on the actual outdoor temperature,
needs to be defined by more than two points. Alternatively, the
outdoor temperature input needs to be delayed. Otherwise the DH
network will not be used in an optimal manner, which will result in
greater heat losses and poor cost-effectiveness. Moreover the
supply temperature curve can be further shifted to lower temper-
atures if the maximum guaranteed DH flow rate is increased with
additional head pressure from pumps in the DH network. This is
documented in the example of the non-renovated house where the

maximum supply temperature decreased from 78 to 70 °C while
the annual weighted average return temperature increased only by
3 °C. This solution will therefore make it easier to integrate
renewable sources of energy, but the impact on DH networks needs
further investigation.

The consequences of using air temperature instead of operative
temperature when designing an SH system were shown to be
marginal, both for the SH and the DH system. In reality, the radia-
tors will tend to be over-dimensioned because the designers want
to be sure that the system provides enough heat and this will make
it possible to use slightly lower supply temperatures. Over-
dimensioning of the DH network by 20—30% is also expected and
this will contribute to better integration of existing buildings into
low-temperature DH networks. However, we cannot rely on the
over dimensioning.

Percentage reduction in the heating demand is not the same as
the reduction in peak heat output. Light renovation results in a 25%
reduction in heating demand but only to 20% reduction in peak heat
output. Similar is valid also for extensive renovation, with 50% and
45% reduction of heating demand and peak heat output
respectively.

The heating demand of existing buildings is expected to
decrease linearly to 50% of its present value by 2050. This reduction
in heating demand, however, will cause no difficulties, if the pre-
sent DH concept is changed to low-temperature DH. The low-
temperature DH concept still requires further optimisation, and
more work is needed on DH network design and operation to take
into account the integration of renewable sources of energy, but the
low-temperature DH concept can be introduced already today
because existing buildings do not represent such big problems as
might have been expected.
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Appendix IV

Schedule for Internal Heat Gains



Overview of internal heat gains

List of Internal HG

addition to routine events [kWh/week]

energy energy
equipment / event continuous power [W] | [kWh/24h event [kKWh/cy day time
or cycle] cle]
fridge 32 0.77 washing 1 Tuesday 18-22
washing machine 1000 1 drying 1.85 Tuesday 22-01
tumble dryer 1850 1.85 washing 1 Thursday 18-22
dish washer 1000 1 drying 1.85 Thursday 22-01
vacuumi
Cooking 1100 11 ng 1 Sat 15-16
TV 200 ironing 0.75 Sun 15-16
[KWh/we
Computer 100 total 7.45 ek]
breakfast (1+2kW in 5
minutes) 250 0.25
Ironing 0.75
IHEU 36
. people...difference
SRl LIG;:sStE{r']j[ g'gngge 7 SCIA v my SCH vs. total internal HG
' Constant 1.5W/m2
people:
EQUIP + LIGHTS: E%ﬁ?; differen | const. people: const 1.5 + model
const. 3.5 W/m2 ' ce 15 model 3.5 W/m2
model
W/m2
week [kWh/week] 93.5 9 22.1 40.07 40.96 133.6 112.3
const. power [W] 35 0.8 15 5.00 4.21
year [kWh/year] 4862 3712 1149 2084 2130 6945 5842




Detailed schedule of internal heat gains for working day

HG people
[kWh/wd]

heat emitted from

people [Wiwd] 2560 320 0 320 320 320 1280 5.12

week days (wd)

no one at cooking/res

sleep eating home working ting

eating resting

23:00 - 7:00 - 8:00 - 15:00- 17:00- 18:00- 19:00 -
room 7:00 8:00 15:00 17:00 18:00 19:00 23:00

room 11.6 1

room 11.9 1

tech. room 9.1

entrance 4.1

room 9.1

bathroom 1

bedroom 15.0 2

kitchen 9.4 1

bathroom 2

corridor

living room 32.0 1 2

dining room 20.1 4 4 total

time for the
activity [h]

heat emitted [W] week days (wd)

fridge + IHEU 68

washing machine

tumble dryer

dish washer

cooking

TV

computer

eating (Kkettle,
toaster) 250

lights 25 250 150 150

total EQ +
LIGHT in the 545 318 477 586 1818 218 3472 7.4 | kWhiwd

house [W]

constant value 3.5W/m2 13.4 | kWh/wd
difference 5.9 kWh/wd

total EQUIP and LIGHT sz/5W




Detailed schedule of internal heat gains for weekend day

HG people
[kWh/we]

heat emitted
from people

[Wiwe]

2560

320

1280

320

320

320

1280

7.68

sleep

eatin

morni
ng

cooking/resti
ng/working

eating

cooking/resti
ng/working

eating

resting

room

23:00
- 7:00

7:00 -
8:00

8:00 -
12:00

12:00-13:00

13:00 -
14:00

17:00-18:00

18:00-
19:00

19:00 -
23:00

room 11.6

room 11.9

tech. room 9.1

entrance 4.1

room 9.1

bathroom 1

bedroom 15.0

kitchen 9.4

bathroom 2

corridor

living room
32.0

dining room
20.1

total

time for the
activity [h]

24

heat emitted

(W]

weekend (we)

fridge + IHEU

68

washing
machine

250

tumble dryer

1850

dish washer

cooking

TV

computer

eating (kettle,
toaster)

250

lights

16.7

250

150

150

total EQ +
LIGHT in the

house [W]

545

318

2872

3418

68 1454

1818

218

2672

134

kwh/
we

constant value 3.5W/m2

134

kwh/
we

difference

-0.0

kWh/
we

total EQUIP and LIGHT -

kWh/
2we
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space heating systems supplied by low-temperature district heating (LTDH) and provide suggestions for
their solution. The results indicate that LTDH can deliver the heat required by DHW and space heating
systems, but needs specially designed LTDH substations and low-temperature heating systems. In areas
with older, non-refurbished buildings with traditional space heating systems, the DH supply temperature
will need to be increased briefly during cold winter periods. The thesis concludes that LTDH can be widely
implemented in areas with both low-energy and non-refurbished buildings, and thus make an immediate
contribution towards the achievement of a fossil-free and cost-efficient heating sector.
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