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Preface

The IEA was established in 1974 within the frmmework of the OECD to implement an [nternational
Energy Programme. One of the main aims of the IEA is to foster co-operation among the 21 IEA
participating countrles to increase energy securlty through energy conservation, development of
pleemative energy sources and energy research, development and demonstration (RR&D).

As an element of the Intermafiopal Energy Programme. the paricipating countries undertabe co-
pperative activities in energy RDED.

District heating is seeti by the IEA as a means by which countries may reduce their dependence on ol
and improve thelr energy efMficiency. 1t involves the increased use of indigenous or abundant fueels, the
utilisation of waste energy and combined hest and power production

IEA"s programme of Research, Development and Demonstration on district hesting was established in
1983 ar a meeting in Stockholm. In the first phase {Annex 1) 10 countries wok pan in the programme:
Belgium, Cansda, Denmark, Germany, Finland, Inly, The Netherlands, Norway, Swedet and the LISA
Laster, Annexes 11, 11 and PY were prepared.

This project kas been camried out wnder Annex ¥V and 9 couniries have participated: Canada, Diemmark.,
Finiland, Germany, Republic of Ko, The Netherlands, Norway. Sweden and the United K mgdom.

Annes Y comprises the following technical areas:

Cod effective district beating networks

Optimal operation, operational availability and mamienance in disiricl besting syslems

Oiptimisation of disitiel heming operating tempersiunes and an appralsal of the benefits of low
ternperaiune district heating

Diistrict heating and cooling in future buildings

Combined heating and cooling. balancing the production and demand in CHP

Fatigue analysis of disirict heating systems

Handbook on plastic pipe syatems

WOVEM. the Netherlands Agency for Energy and the Enviconment, has been acting a5 the Operating
Agent for Annex Y,

Crengral information en the [EA District Heating Project may be oftained from:

IEA Sectretaria

Mr Mel Kllman

% Rive de |a Federation
F-T3773 Paris Cedex 15
France

Tel: +33:1-403THTRS
Fax: =3k |=l05 76759

L1}

movem, Metherfonds Agency for Energy and the Environment
Mr Frank von Buswe|

POy |7

ML-6130 AA Sittard

I'he Netherlands

Tel #33-16-42022307
Fac: = 33404328260
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Summary

Upe of the most fmmdamental decisions ta be made by 4 designer of 3 new distrect heating syatemn bs the
selection of design operatimg temperafunés. Lower operating femperatires will reduce the cost of heat
production from CHP plam but to achieve lower temperatures requires additional investment in the
henting systems within the buildings. The cost of the diarict heating network i5 reduced if the
lemperabure difference between Mow and renem s masimizéd. There is therelore 5 nead to easbiish
the opfimum design lemperatures o achieve the most cost-effective scheme,

I osrder 1o identify the optimum design 1emperatures, a series of case studies based on nobional groups
of Buiildings were developed sl comparative economic analvses produced. The case studies comprised
combinations of.

# three nepes of builn form: aparment Blocks, row bouses and commercial busldings;

#  pwo sampbe clanates | London and Toronto;

o theee types of CHP plant: exiraction-condensing sream rurbine, back pressure combined cyviele
gos turbine and spark-ignition gus-engine.

The analysis of the heoting svstems within the buildings was caried ot by CANMET who developed
simulation models using the Simulink software. This enabled hour by hour heat demands. district
heating fow rate and return temperstures 1o be calculated for cach case. These hent demand panerns
were then wsed as the basis for the spreadshest models develeped by Merz Orchard o simulate the
aperation of a CHP plant over the year and henge calculate the cost of heat production, Designs for the
district heating network were produced wsing System RORNET by Merz Orchard and the capial cost
wis estimated.  Finally, costs were obiained from manufscturers for disrict heating substations,
rpdiators and air heating colls requined within the buildings. All of these cost elements were calculared
for a range of design operating femperaiures. from 20°C to T0°C flow and from 33°C 1o 30°C retum

The resulis are preésented in a series of graphs for cach case study analvied showing the cost of heat
against the design temperature difference for different fow temperatures. 11 was found that, for all
cuses, iowas not worthwhile 1o reduce the design fow 1empersture below 90°C as this leads either o a
smaller temperaiure difference and therefore higher network conts or, if the temperature difference is
maimisined, addstional costy for larger radiators.  Both of these cost penaltics are more significant than
the smiall reduction in hem production cost obtaired with using lower Mow iz2mperatures,

For a peak flow temperature of 90°C the optimum temperatire difference was found to be abo 35°C
(33°C petum tempernture} in all cases. although the cosl cupves are relatively finz and a variation in
retum temperature of —- 1070 about the optimam resulted 0 o cost variation of kess than 3%,

There are many other potential benefits from using lower femperatures. [ particular the abilin of the
district heating metwork to ufibse low grade heat soorces available from industry, solor heat and heat
s, The cost penalty from selecting a TOPC wmiperature natead of MPC was found 10 result in an
overall increase in the cost of heat of between 4% and &% of a typical heat selling price. It b5 possible
that. In seme circumstances, this relatively small increase s justifiable given the potential
environmental benefits in the longer 1erm of maxumising the use of waste heat and renewable energy by
means of district heating. However, in many cases, the low grade heat wources will contribute onle pan
of the energy supply and will effectivels pre-heat the reum water. A reduction of retum water
iemperatures will therefore be the more imponant requirement



Table of Contents
Preface
Acknowledgemenis

Summary

3 (eneral Approach and Definition of Case SIdies i s s
The buildings and ﬂ:ﬂrhﬂmtg l}‘il.:l'l'l.!- ............. ;

ja
-

Siee and bavoul...

Combined Cycle CHP i

24 Eﬂmhimti-m'l- [ 1 | e P i ¥ B PP TILCwlaiiA TN PSRAo ok PR B TR

3 Lllmnur.' Dwa...
4 Description of Eluildhtg \indf:ls

4.1 [ [JT1 = T PR RT R TE TN FYVT FrPRe R R RV wrwrdt 1 N1 IUGUFTE N P E ST TR T

4.2 Cpecifcationd of BUlMHnE ThRES ot st sttt arm 45 et et v
421 GEnCTAl ADDPOBEN e i b bttt il S i i b
4.3.3 Commereial Butldim@. ...t
434 Directly and indirectly connected 2-stage heating systems in the apanment bailding
428 Direcily ond indirectly connected parallel heating sysiems in ihe row-house ..
424 Directly and indireetly connecied heating systeéms in the commercial building ...
427 Assumptions Applied in the Building Heating Ssstem Simulations oo

43  Results of the building hemting system simulaiioms ..o .

44 Capital cost of hulfldmn thllrlj; syitem
441 Cou Elernents .. -

442 3 1T ] ARl kR o =M I (Ko e oSS P L W [T | PR e
4.3 |
404 Capital cost of domestic water heating systems
445 Capital cost of bailding conneetions ...

435  Dpernting costs of building heating svstems..,
& The Network Models ...

District Heating Network cnsu..:...._._.Z..ZIﬁ::::f_ﬁ:ﬁﬁ'_ﬁﬁﬁﬁ_':ﬁ:_'ﬁﬁﬁ.'ﬁ_':f"'”""""""'"'"'"'”"

5.1
3.2 The Apartment Blocks Model.
33

54 The Commercial Building Model
B The Heat Production Models e s
| (General D:l.l:ripqinn I i | T Tk e |- iyoa i P A 1| 7 T = o] 7 TP P T T T s
1.2 A I I Bl e e e e T

s

3 TYPE O MBI BRI st S
A Types ol bullding conneetion ..o
The District Heating Nerwork oo i
i Spacing of BallIngs s e e e b
23 Tt o PP VBT oo s
23 Ciroamd Comditlon .o oo i i e
The Hemt Sonnly PRI .o
| PLank OO e
i, Sreomm Tarbie CHIP s e s e i s
A Spork-Tgninion gas-engine CHP G,
4 i e

12 Hmmdpmﬁ!e ................................................................
1
1

MR
e 3

siabiiiidiibininisnialeiiie i .

.................................... i

e

"‘Er
i

ETRLACY ©
.

33

34
3

i

S

k)
£l
43

L

45
45
46
46



f 4 Ouipawts from the model

fl ) Capinal Cost .

622 [.‘.HFPﬂrfnlmmw UL rrrrrm i A e e

63  Ewrsction-Condensing St:.un Iurlﬂn: IL'H!P Pl:ml e A bbb e
GX1  Copitnl Codt i rininins

632  CHP Performance . —

. Enmhm:!d Cyele Gas Turbine Plant.

bl 2 CHPF Pcrl'unnln::-

6% Summary of the mﬂm:m:t ut' DH up-mmng mnperuimﬁm heat [l‘mlumnn -.‘mn

7 Apanmeni Block Case Studics Results .,
T Presentation of the results... i e i
1 Spark- ignluuu Gas-Engine CHF fam

T4  Combined Cyele CHP l‘:um 4 H
B.1  Spark-lgniion Gas-Engime CHP Cases. v e
B2  Steam Turbine CHP Cases i

B3 COMBHIEA CYCIE CHI CRYES . oo smesmsesrmstes it st
G Downtown Ated Case SIS FestlES o i i s e s s

T, Spark-lgnition Gas-Engine CHP Cases... -
Steam Turbine CHP Cases v nemmmsmmmmsm s s
93  Combined Cyele CHP Cases .

1] Interpretation of Resulis ..

fu =

101 General.. TN B T e e
02 The Apmm: Btn-:ku. "rlnd.et R ..,

104 Commercial Bul.!l.'llugs "-Iud-:l =
(0.5  The mfluence of clunate on the np:hmum mmmg:mp#mm‘

06 The inflicoce of the hea density of the h-ulldmg;l. uq:;pl:rml on the u-pnrmrm n-Fr:':'rI.lq,nu_
(o
AT

a7
B8

o
Nt

-

A4

EEMPETIUNES. o

0.7 The btm'l'u m’n,-dumqg .ppu:ﬂ:mg h'.'mpcfuluru in r:-htlun [ t-.\:rttﬂ:l :llrltmpr.-fmum
0.8 :I'I-||.- d|l'|'|.-r|.-11.|;..-a. berween mdireet pnd direct connection
1.1 Practical Cases and E\.llﬂmp '-'-r:h:nm e et et

112 General Observations . Rl

1.3 Implications of aliemadive sources nfhr.al

14 Environmenal benefits of lower opersting 1rr|1p-:fl1nm N O T o T T e
A Ny

.....'1'1

L5 The useof 120°C Mow tﬂmcpmwm
12 Sensitivity Analysis. . . TR
12.1  Senskivity to Emnmn: me

122 Sensitivity to boiler efficiency. . ..-...'f.'IfiZ.iI'.Z.-f'ff.'_Z'___'Z_..Z_Z._..__.ZZ_._.._I LR
123 Sensitivity to electricity pﬂm srvss by e bt e A s i
2

]'! 4 Sensitivity 1o Hest Density O A N T P W AP S ST T

14 Rnfmu

6.2  Heat Production Model with 'iip.].rL [|;,11|.1||:m l’_:n.'i Engll:H: CHI" T PO AL T o,

|

T

72

T4
Ti




Lixt of Tables

Table 2 1 T ol B PO st St b b st S bbb S b b it
Table 2.3 - Case Seudies ARBIVEed. s ey .
Table 2.3 - Comparison of Ninancing ilmlmplmn: PP Ve U RO, R L AP ERT| WFPERT T N AL Tl |
Table 3, i Comparizon of climates For capinl |:|l||:1- - e 1
Table 4.1 Specification of building. heating r_n.l.l.m nurlnn:tmn;. rilmm: :lnd Hmpl.} |m1p-|:ﬁ|1urt
lewels, .. . B e —— —— L
Table 4.3 \-‘.mnblq: l.l.ﬂ'd in 'bmld.lng imuhlluni PP N N Y A TP URR R TIRPPTy 1.
Fable 4.3 Peak hent lodses and heat |oss factors i|1-|:|-|:IIEI'I c-nnd.mu:u R .
Table 4.4 = Encrgy use predictions from Simulink models. . PRI T T T AT LTI 5 |
Fable 4,5 - Cost of installed radiator capacity (USSEW)__ . |
Table 4 6 - Cost of sbr heating coils (LSS kW) based on a | Sl]'Ir.'l.lr' :m] FPEHRRH A PR I
Table 4.7 - Cost of indirect connection substations USSEW i,h:a.uu! lnd Iml u-al.ll:rl b= I
Table 5.1 = Characteristics of apartment block network ... e e e
Table 5.3 - Charmcieristics of rouomees Bk o e et e AT
Table 5.3 = Chamctersdics of commercinl butlding l'|.|‘:n|1:|r|: A e L U RTLL AL PR PT - |
Table 6.1 Defination of Typical Days ... ik lﬁ
Fable 6.2 Heat Output in kW from 'Wmtslln 1#-'1::-%"555 ST ———
Table 6.3 Heat Output expressed as a rafio to the heat nurput M 'H] C Hnw 50"[' rr.l.'urn R |
Fable 6.4 Henl Prodoction Model — Spark-lgnition Engime HCP — Assimpiions oo olB
Table 6.5 z-foctor calculated for a ratge of operating IEMPEmMIEPes. . i i e n
Tablz 6.6 Lost elecnicily npu:m:d a5 o ratio to the electricity bost at W°C flow, 30°C renurn | Winkens
formula) .o i 0
Table 6.7 Heal Fmd:uc:m Hud:t l‘..‘mhm:«d {'wl: CHF l*:l-DIIIM".I-"I A.ﬁumplmn FATRORERY ) |
Fable 12,1 Wariation in boller efficiency with DH retumn temperatures ... 'l"
List of Figures
Figure 3.1 = Avernge Daily Temperatures i Longof e st | §
Figure 3.2 — Average solar radiation in London ... S——— | |
Figure 3.3 - Comparison of averege 1:I‘I‘l]:t‘l'l|:l.ﬂ1'."- in Helsinki and Toronto.. O NSRRI
Figure 3.4 - Comparison of average solar radiation in Helsinki and Tﬂrl:lﬂtﬂ U & -
Figure 4.1 Layout snd outside wall of one apartment unit .. ciitaisriin 1
Figure 4.3 Domestic hot water consumpiion { inclading dncml':ntmn! !'ur o npa.ﬂmenl. N—
Figure 4.3 Firsd and second floer layout of o row-house .. A P TR e d TR TV |
Figurs 4.4 Domestic hot water consumplion for ong row- hnm: S |
Figure 4.3 Dingram of a directly connected heating svitem for 1h|: i||:|n.r|m:nl hutldlng RGN | |
Figure 4.6 Diagram of an indirectly connected heating syvstem for the apartnient bul]dmg_ . |
Figure 4.7 Diagram of a direcily connected heating svstem for the row-house.. ...
Figure 4.8 Disgram of an indirectly connected pnn!ln[ heating svstem for the row lmm.r: PR it =)
Figure 4.9 Dingram of a direetly connected heating system for the commercial balding ... 2
Figure 410 Diagram of an indirectly connected heating svstem for the commercial builliln!- rmsaraldisy B
Figure 4.1 | = Varintion of DH supphy temperatare with outside air iempemtune for London ... 25
Figure 412 « Variation of DH supply temperature with outskde air wmperature for Toronto............26

Figure 4.13 - Results for apartment blocks v London = winter » direct conmestion ... 28
Fijgure 4. 14 = Ressilts for aparment blocks in London - summer - direet connection .........cieeeici o8
Figre 4,15 - Resuls for apartment blocks in Toronto - winter - direct commeetion. i 29
Figure 4. 16 - Results for apanment Blocks in Toronto - summer - direct Connection .o 29
Figure 4.1 7 - Results for row houwses in London - winter - direct conneetion ... 20
Figure 4 18 - Results for row howses in London - summer - direct €onmection ..o 30

Figure 4,19 - Results for row houses in Toronio - winter - direct connection ... 3]
Figure 4.20 - Resalts for row houses in Toronto « summer - difec] connection ... 1)
Figure 4.21- Resulis for the winter 3 monihs for apartment bubldings in London o0 32
Figure 4.22 - Results for the winter three months for apartment buildings in Torono .. 32

Figure 3. 1 - Optirmisation of Pipe Sizes in the Aparment Block Network (London). oo h



Figure 52 - Average of Insmlled Costs of Dusirict Hmmg l"lp-u from UK Canada Sweden and
NPV IR |

Ciermany .. e
Figure 5.3 « 111: apamm hla-cl.numurk

Fegure 5.4 Cout of District Heating "-Ir:t\mﬂ:i - Apamumu Lt R i it b i P e
Figure 5.5 - The rowhouses network... & e e e
|
Y
i3

Figure 5.6: Cost of District Heating "«il:m:-rk: Rwimu.':ﬁ

Figure 5.7 - The commercial building network.... T PT————

Frgure 5.8 - Cost of Disrict Heating Networks - i.'."-:lmrmn:ul i s e it i
Figure 6.1 Typical variation in ebectricity prices form UK Poal F'rll:'-l:5

38
L)

40

b

Figure 6.2 Example of heat produciion model output for an a\ulumrl dn:n I"nr a Spilfh [grlmcrn RS

engine CHP plant and a thermal store ..

Figure 7.1~ Spark-Ignition Gas-Engine CHF A.pu.rtmmt HII.H:I:: in I.nrtdun Dlnﬂi.-nnnﬁum A
Figure 7.2~ Spark-Ignition Gas-Engine CHP - Apartment Blocks in Toronto - Direct Connection ...
Figure 7.3- Spark-Ignition Gas-Engine CHP - Apartment Blocks in London - Indirect Connection ..

Figure 7.4- Spark-1gnition Gas-Engine CHP - Apartment Blocks in Toronto - Indirect Connection

Figure 7.5~ Steam Turbing CHP - Apasiments i London - Dirget Conmection ..o

Figure 7.6 < Steam Turbine CHF - Apariment blocks in Toronto - Direct connection ..
Figure 7.7 Sicam Turbine CHP - Apariment blocks in London -indirect conmection ..o,
Figure 7.8 Steam Turbine CHP - Apartmeni blocks in Torento - indirect connectbon .o

Figure 7.9- Combined Cvele CHP - Apartreent Blocks in London - Direct Connection ...
Figute 7. 10- Combined Cviele CHP - Apantment Blocks in Toroato - Direct Confiection ...
Figure 7.11- Combined Cyecle CHP - Apartmient Blocks in London - Indirect Connection ...

Figure 7.12- Combined Cyele CHP - Apanment Blocks in Toroato - Indirect Connection
Figure B, 1: Spark Ignivion Gos-engime CHP - Row houses im Londony oo
Figure §.2: Spark Ignition Gas-engine CHF « Row houses in Torombo oo
Figure 8.3: Steam Turbine CHF - Row houses in London .o
o

ol
i OO

ol

Figure B.4: Steam Turbing CHIF - Row houses in Toronio

Figure 8. 5= Combined Cycle CHP - Row hotses in Lmd!m

Figure 9. 1= Spark-lgnition Gas-Engine CHPF - Commrcial Hmls.lmgj I.I1. Lnndnn
Frgure 9.2- Spark-1gnition Gas-Enging CHF - Commeercial Buiklings in Toronto .

Fiiure 9.3- Steam Turbine CHP - Commercial Baibdings v London ..o,
e i3
e |

oy

Figure 9.4- Steam Torbine CHP - Commiercial Buibldings in Toronta ...,

Figure 9.5« Combined Cyele CHP - Commercial Bulldings in London .

Figure 9,6- Combined Cyvele CHP - Commercial Buildings in Tdmﬂm ;

Figure 12.1 Economic Sensitivity of Steam Turbine CHP = Apanmem Hhch in Lmdm
Frgure 122 Bodler efficlency sensitivity on Steam Turbine CHP - London Apartment tihxlu

Figure 12.3 Heéat Denity sensitivity on Steam Turbine CHP - London Apanment Blocks

Annex A - The LUse of Simulink for Building Heating Simolations

. i)
L
A3

LT

54
35
55
36
A6
-7

i

58
iR
)

a0
0

03

73




1 Introduction

One of the firsi decisions that a designer of o district heating system needs 1o make s the flow and
return design temperntures. These will determine:

& the flow rates in the pipe network and hence the pipe sizes

s the design of the central plant and in some cases the tvpe of Combined Heat and Power (CHF)
planmt

#  the selection and siemg of the beating equepment within the builkdings

The empersiures o be decided are not only o maximum fow and retum temperature but also: the
remperatures of primary, secondary and perhaps tertiary systems, different retumn temperatures for
different tyvpes of heating application and the varation of lemperatire with extermal weather conditrons

Onece the tempermiures have been determined a second imporant aspect 5 the type of Boldmg
contection. If temperatures are below 90°C then a direct connection to smaller buildings may be used
to avoid the need for heat exchangers, provided the pressures in the network are compatible with the
design of the building’s heating system.

In many countries, panicularly Scandinavia and Eastern and Central Europe there we large well
established district heating schemes and the designer will have limited scope for selecting temperntures
in any extension o the scheme. Even where district heating has not beéen established 4 sew scheme will
probably be connecting existing buildings and the operating temperatures which are already usad by
the building heating svatem will be o mojor constraint. The context of this research is the simation
facing deskgners of new district heating svstems perhaps in countries where the technology |5 not so
weel] established with the aim of providing pukdance on the most economic temmperndures o select and
where téw heating squipment s to be installed within the buiklings. It i commonly the case that in
countries where district heating does nod have a large market share the ecodiomic case for CHFDH s
marginal and there B no strong government polecy for is implementation. Consequently. the
inprovement of the economies of CHMDH s of major concern and the optimisation of operting
temperatures is one element for ensuring the economic relums from invesiment i CHRDH are
maximised.

The Ramnge of CHFDH Projects

There is a very wide range of possible district heating developments but cach will consist of three main
components: the buildings to be supplicd and their heating svstems; the heat distnbution systizm and the
heot production plant. Within these compoments there are significant variations:

& The buildings to be supplied.

-sire of each building and otal size of scheme
heat demnnd profile, over 24 hours and over a vear
spvpe of heating svstem, whether existing or mew
spvpe of conmection 1o the district heating svatem

&  The OH network lavour;
spacing of buldings, linear heat density
e of pipe system
-ground conditions
e The heat supply plan:
-boilers, conventional or condensing

swante-fired boilers
-opeh cvele gas-turbine



Bd

~combined cvele gas-turbine

-glegn mrbine bock-pressure

~steam hurbing extraction- condensing
~COIN eSS - IEnition reciprocaline engine
-spark-ignition gas-enging

=heat pumps

~solar

~penthermnl

When the number of possible combinations of these factors are considered there 15 clearly scope for
enormous variation and all of these fctors will have o bearing on the selection of optimum
temperntures. Consequently m order 1o limil the scope of the research project o affondable and
mpfageable proportions it was necesaary to deaw up a list of the particular combinations to be snabvsed
a4 & series of design case studies. The following section discusses each of the above components and
defines the case studies which were agreed with the Experts Group




2 General Approach and Definition of Case Studies

L1 The buildings and their heating svstems

2Ll Ske and lavoot

The size of each building is the mojor fctor in determining the relative npartance of the connection
cosd 1o the district heating system. Small buildings are relatively expensive 1o connect particularly using
an indirect connection method. At the connection point there will be o control interface to provide for
Mow lomitation, differennial pressiere control, secondary side temperature contral if indirect conmection,
mterig if indtalled and perhaps central time codtml

The naturé of buildings varses between urban, suburban and rural areas and sivles and the thermal

guality of buildings vary considerably between countries. A useful categorisation is provided in (IEA
[0 ™3 which defines | different tvpes of built farm

Fahle 2.1 Tiper of Buily Form

Type Description

patchwork. rural Belated bubdings

detnched ressdental in suburban areas

Bad | P a ] =

nuag-: cenire in rural areas

roww ouses in suburban areas

apartment buildmgs 3-3 storeys

high rise buiﬁlngs peripheral o urban aneas

urban development close to downtown/clty centres

downtown ety centre high density from wm of cemtury

Eo - R - (R

historic lown cenire

i large complexes e g hoapital, universin

] industrial nnd warehouse buildings

The report conchades that types &, 7 and B are most suned 1o district heating. Tyvpes | o 4 are normally
uncoonomic beciause of the low hent density. Type 9, the historic oty centre, mayv also be imeconomic
hecause of the difficalty of nsalling heat mams. Type 10 can be considercd as a special case amad may
well be suited for a small-scale CHP plant sized for the particular building or group of buildings The
report makes the point that an ecconomic analysiy s required in most cases as it is difficult to
immediately judge the viahility of a scheme simply by examining 195 fvpe using the above svitem

The masst wsefiel categaries to examing in this research are therefore:

Twpe 6 = high rise and medium rise apartment buildings peripheral o urban arcas

.8 satelle 1ovwms

Type 7 = urban development, mubi-family dwellings on a regular grid layout of strects

Type § - downtown/city centre arcas high density, assumed to be mix of commercial and retail
with some residential aparment blocks

Twpe 1l - industrial and warchouse buildings

For this research project we have taken Types 6 and 7 and a high density development which sssumes a
number of commercial buildings each with & mix of office space and industrial production space |2
elements of Types 8 and | 1. Clearly the last category could involve a wide variety of buildings and i
s difflcult to make a representafive selection

The district heating schemes could have a large range in total size, from 4 peak demand of sav 5 MW
to 504 MW, Large cities may have networks in excess of this size but we would expect the optaimisation
ol these very large schemes 10 be similar to multiples of o smaller wni siee



0.2 Heat demand profile
Thee heat demand profile willl depend on a number of facion:

o space heating will depend an the local climate, the building fabric and the times the building is
occupied

e hot water heating will depend on wse patterns and rype of water using appliances

o process heating will depend on the business concemed, patterns of working otc

e ihe demand profiles will also be influenced by the mechanism for charging for heat, the
structure of the heat sales tariff, the kevel of customer control mstalled and individual customer
choice

The most important influence s the climate and it was decided to examine two different climatic tvpes,
o continental climate such as found in Centrul Europe and Momh America. and & western maritime
clirmate such as found in Western Europe.

L1} Typeof hedting system
Sperce hvseing

The most common heating svstem in the housing sector i steel panel rdigtors alihough underfloor
heating syvaems are popular in some countries (parmicularly Germany) and 0 Canada air heating is
normally used. In commercial buildings a wide mnge of systems may be emploved, tvpleally perimeter
radintors or fan-coil units together with heating of a central fresh air supply by means of & finned
heating coil in an aie-handling unit.

This rescarch project has assumed that steel panel radiators will be used for the housing sector and a
mined svsfem with perimeter radiators and an air heating sysiem for the commercial buildings

Werier Pricoarforg
There are o number of dilferent types of system available,

Storage calonfiers al point of wie
Storage calorifiers cendrally
Instantaneous heat exchangers ot point of use
. Instantaneous heat exchangers cemtmlly
Combination of instantaneots heat exchangers and storage with the stomge capacity on the
prifvany chrcoit
6, Combinmion of nsmniancous kest exchangers and storage with the storage capacity on the
secondary circuir

L e ek B =

The paint of use syslems predominate in linear housing, but ceniral systems are moe likely 10 be used

in larger commercial buildings and possibly also in apariment blocks. Afler discussion within the
Expers Group the foilowing selection was made For the analyyis:

s Apartment blocks would have a centralised hot water svstem using 3 two-gage beat exchonget
sustern a4 described in detid] in section 4 below, This svsiem was alwo analysed in [EA, 1996
b

*  |ndividual howies would have instantangous heid exchangers connecied in parallel with the
space heating radumtor circuit.

s Commercia] buildiigs aré stsimed to have 3 very small hot witer demand which cin be

ignored

An imponant aspect of the use of district heating 10 provide domestic bot water is the need 10 mamtsin
a misdmum (low temperature of 70 °C 1o enable stored domestie hot water 10 be malniained at 60°C 1o
avoid the growth of the legionelln bocieriam (TEA, 1996 %35),




114 Types of building conneetn

There are three methods of conmecting a building beating svslem 10 a disirict heatng  network,
depending on the compatibiliny of 1empermuses and pressures of the netwark and the bailding heating
svilem:

s Direct conmection when bath femperatures and pressures are compatible
#  Mixing connection when pressures are compatible bul remperatures are no
= [ndirect connechion when the pressurcs ase nol compatible

We can assume that temperature compatibility s obined i the netwark temperature is less than 90°C,
Pressure compatibility depends on the equipment installed but most bublding svstems would be
designed 1o oar least a & bar [imit and possibly 10 bar. Alhough total pressures can be reduced by means
of distributed pumping stations, for larger systems and where there s significant variation in groand
Jevels and building height across the scheme a primary network operating ot up to 16 bar is often
needed. This means that indirest connection of buildings is required or there needs to be local heat
exchanger sibstations supplving smaller secondary networks which are directly connected to the
i ldines.

2.2 The District Heating Network
L1 Spacing of Bulldings

The greateal influence on network cost is the density of buildings. This may be expressed as a “lincar
heat demand densiny’ i the KW peak diversified heat demand per melre of reach length winh the
trench distance assumed to be up 1o the building entry point. Tvpical frgures for linear heat density ane:

High density housing in apariment blocks in the UK : 5.3 KW/m
Low density suburban housing i the UK : 0.8 KW/m

Helsinki Dhistrict Heating System {central areal @ 2.0 KW/m
Helsinki District Heating System (suburban area) : 1.5 kWm

Afler discussion with the Experts Group it was agreed 1o use a linear heat density of 3.3 KWim for the
weslern maritime climate and apartment Blocks model and 1.5 K'Wm for the western maritime climate
and the row houses model. A devision was also needed as to whether the heat density should be kept
consiand for the contimental climate which generally will mean moving the buildings further apart or
whether the butlding density should be kepl constant 20 that with the harsher climate the lnear depsity
mcreases. It was decided that the built form density is more Iikely to be a consrant between the various
TEA coundries than artificially atempting 10 keep the same heat density.

121 Types of pipe sysiem
A determining Factor on cost is the ype of pipe syetem. There are three msin categories:

e Ducted, mineral-fibee insulation
o Pre-insuloted steel to EM233
*  Pre-insulated cross-linked polyethylene (PEX) or pelybutviens (PB)

These cach have temperature limits for a 30 vear deskgn life: ducted mains are suitable for any practical
district heating temperatung, pre-insulated steel 15 sumable up ve | 30°C and pre-insulated PEX or PB is
Bmited 1o & 90°C cofistant temperature 3t 6 bar

Althoush there is sull 4 cave in some applications for ducted maina and some cost benefits can be
realised with the all-plastic systems the majority of pipe systems mstalled now mre of the pre-insulated
steel ENIS3 rype. With this tvpe of system the cost will be determined mainly by the pipe diameter,



although 3 small additional cost nssociated with expansion provision will ocour a5 the operating
temperptures increase. For maximum design temperniures less than 90 °C the savings associated with
expansion provision nre neglgible os a cold layving technique or single action compensaiors are viable
techniques and comprise only a small element of the ol cost. [1is posable thar if lower lemperanires
are wied then the thickness of insulation could be reduced. The wse of o smaller cosimg size, less
insulation and a correspondingly narmower rench is estimated o reduce the total network cost by 2.5%
{ Rasnboll, 19980 This was considered negligible in the context of this sody bowever, in absoliite woms
it is till an oppreciable potenial cost saving and one that could be investignted by designers of low
terperature. systems. I would also be possible to consider reducing further the insulation on the retum
pipeline or even omitting the insulation completely although with steel systems a form of protection 1o
prevent external corrosion would still be needed

When considering the potential costs and benefits of using femperatures above 90 *C the potential
advantages of FEX or PH pipes would be lost and the costs associated with provision for expansion will
increase. These factors may influence the overall petwork cost and should be taken into account in a
temiperatime optimisation where temperatures above W'C are being considered. For the purposes of
this research however the pre-imsilated steel sysiem has been assimed throughout as we have
concenirated on temperatisres below 90 °C and b this operating region there are no major step changes
in cost associated with technological choices

233 Ground Conditien

Assuming the pre-insulpied svsiem 1o be directly buned in the ground there will be further cost
virfations depending on the nature of the ground surface and the complexiy of other burlsd services
In most cases the district heating mains will be installed under roads or fostpaths however and it is this
fvpe of ground that has been assumed throughout the study

1Y The Heat Supply Flant

231 Plant Options

I range of heat supply plants listed in section | above is lorge and con of course be a1 many different
sizes. The geothermal and solar supply plants are considered 100 specialised 1o be considered in this
project. Geothermal heat may be limited in temperature although heat pumps may be nsed 10 upgrade
it. Solar heating is likely to have a varying temperature available over a year and at times is a relatively
low tempernture heat source, OF the remaining plant optisns there are two broad categories. those
whiere the cost of heat i strongly dependent on the remperature at which the heat is required and those
whiere the cost of heat is only slighily influgneed by iemperaire.

Plownt wileere oot of hisad of sirovegly e Tersced fy frpEr e

Steam turbine CHF whether extraction condensing or back-pressure
Combrined Cvele CHP

Heat pumps
Plamt wiwere cost of heat &5 slightly influenced by emperatre

Reciprocating engine CHP {assuming retum iemperuiunes are low enough for heat recovery
from jacket cooling clreuit)

Condensing badlers and non-condensing boilers

Cras-rurbine single evele CHP

Waste-Tired boilers

In most CHPDH schemes the CHP plant only supplies part of the load with peak and standby plant
consiatmg of bailers,




After discussion within the Expens Group, three tvpes of CHP plant were selecred to be incorporated in
the optimisation analyvsis:

Steam turbine plant: extraction condensing tvpe, elecirical ourpat c30-100%We

Reciprocating engine CHP. glectrical ourput 5- 108 We

Cas-turbine combined cvele, electrien] owpul ¢ 30-50%We, back-pressure steam furbine and
district eating economiser

For each case, conventional bodlers will aleo be used to meet the pesk demands and as standby plant.

TR Speam Torbine CHP

The steam furbing plant would be o typical system for o central power sation or 3 turbine linked to
wase ircineration where the high investment costs and the nead to continuously. baam the fuel mesns
that an extruction condensing turbine would be used. Higher district heating operating temperatures
will pesult in steam being extracted af 3 higher pressure and the electrical production will fall resulting
in effectively a higher cost for the hent produced.

133 Spark-lgnition gas-engine CHFP

Cias engines have been found to be the most economic choloe for smaller schemies and alhough there
ore ¢1ep changes in heat output for different distmict heating operating temperatures there is no effect on
the elecirical output. I Mlow temperptures are |24 than 90 “C then the heat and eleciricity i nearky
independent of district heating temperatures, the only factors being the ability to recover heat from the
afterconler and the amount of conling of the exliaust gases.

L34 Combined Cyele CHI

A combined cycle gas turbine CHP plant can take two principal forms: using an extraction condensing
steamm turhine so that elecirical production can be maintained even if there is no heat demand ar a back-
pressure steam turbine where the eleciricity production is linked to the hem demand. Exanples of bath
these tvpes of plant have been constructed in Europe in recent yvears and it is the electricity and gas
prices tha derermine which i the more economic option. For example, if periods of low heat demand
fe.g im the summer and o night) comcide with periods of low ekectricity price nnd if gns prices are
relatively high then the simpler tack-pressare plant will be more economic. This appears to be the case
for several northern European countries where there is significans ydno or nuclear plant on the system

However, larger plant ufilising more complex steam cveles are more likely 1o be operated as hase |oad
plint using extractisn-condensing stenm twrbines, Hecent designs have alio mcorporated a district
heating econamiser which extracts additional heat from the exhuost gazes, heat that stherwise could not
b wtilised in the steam cvele, This enables exhaust gases (o be rejected ot lemperatures as low as 73 °C.
On fallimg heat demand, this economiser can be mken omt of the ciroui to maimtain a demand on the
steam circuit and heénge maintain electrical outpat

It was concluded that the back-pressure combined cvele plant with district heating scenemiser wonpld
be the moat appropriate plant for comparison with the steam turbine and reciprocating enging fypes

24  Combinations for analyvsis

Having selected particular sypes of bullding, heating svatems, climate, heat distribution systems amd
CHP plant it is possible to put together combinations which can be analysed a5 a series of design case
stukdies. These are formed {rom:

o three buildmg types with typlcal heating svstems defined above and cormesponding district
heating densities. direct connection used for smaller schemes and for row' howses
pwo climatke conditions,
three CHP heat production plant ivpes



Combaning these gives a total of 18 cases which are listed in Table 2.2

Tabfe 2 2 - Case Stwdies Analvved

Rl i, Building type Climate Hean supply

plani

I Apartment blocks in pervpheral areas | Contanental | Steam wirbine

2 Apartment blocks in peripheral areas | Continental | Combined Cycle

3 Apartment blecks in peripheral arcas | Continental | Reciprocating
enzing

4 Apantiment blocks in peripheral areas | Maritime Stcam turbine

5 Aparment blocks in pertpheral areas | Marstime Combined Cvcle

& Apariment blocks in peripheral areas | Marvtime ﬁrc:ip:u-:ar.i&g
enging

T High density linear housmg Continerital | Steam turbine

5 High density linear housing Continenial | Combned Cyele

] High densaty linear housing Continestal | Recyprocatma
engine

I High density linewr hwsing Maritime Seeam nurbine

i High density linear housing Maritime Combimned E;u:l.c

12 High densiry linesr howsimg Maritime Reciprocating
enEine

13 '[-.'l-lmmnwrl'-m}' centre Continental | Steam turbine

i3 Drownlow city centre Continental | Combined Cyele

4 Downtown cily centre Continental Reciprocating
-.:rﬁ:'rrh:

[ Dhwniown/'city cenire Elariiime Sream turbiase

17 Downtown €Y cenire Mariime Combined Egml:

Dpwmtown/'eny centre Sarinime Reciprocating

rhEll'H

[irect connection was assumed for the row houses as this is genemlly more economic. Both indirect
and dircct connections were analysed for the apanment blocks and the commercial bulldings.

=:5 Eecomomic Analysis

The aim of this project is 0 perform an ecomomic optimisation and the principles by which this
analvas hies been camed out are set ouat below

In order vo derive an overall cost of heatng it is necessary w convert the capial com of the building
heating swstems into an annualised figure. This has been carmied ot using o discounted cashiToa
analysis assuming a time horizon of 20 vears and a real discount rate of 107, These assumptions are
considered realistic for o privale sector led CHP/DH induestry as in the UK. Smaller schemes may be
analysed over 15 years with 4 12% discount rate whereas larger, government-backed schemes may be
based on a M) vear period and a 3% discount rate. A sensitivity analysis with respeat to these economic
parameters for one of the case studies has been carried out (see section 12,1}, The importance of these
astumprions i§ lustrated in Table 2.3 below by calenlating the annual cost thal needs o be recovered
from heat sales for a given investment of say Llm under different sssumptions




Table 13 = Conpearisons of firarcing asumpions

Assumplions Annual charge for £1m capital Fagtor on base case
investiment wssu i
£pa
10%s over 20 vears 117500 1.0
128 over 15 vears 1 a6 J I.28
%5 ower 30 vears 65,010 055

Hence an assumption of 5% over M0 vears results in g cos of capital nearly half that assumed in the

hase case.

I the discoumed cashfow analvsis we have excluded inflation so all discount mtes given are in real
tertis. This i effect assumes that fusd and elecricety peices will rise i accordance with general
inflation, In the longer term it & possible that real increises i fuel and electricity prices will be seen
bt in the shomer term many couniries are Likely 1o sse prices falling in real wmns i deregulstion and
greater competition B introduced. An eximinotion of the future price levels in different countries s

bevond the scope of this study




§1)

3 Climatic Data

To compare the optimisations in different climate regions it wos agreed with the Expents Group 1o
consider a tvpheal western maritime climae snd o bypical contineninl clinae,

After discussion with the Experts Group, London swas selected to represent ihe maritime élimnte. The
temperanere and solar radiation data for an average year in London, (obtained from BRESCL, Building
Research Establishment, UKL, are shown in Figures 3.1 and 3.2 Bath se1s of data are shown for ihe
time period of 8 months between September 152 and April 30th, defined in this repont a3 the “heating
sedsan

Figure 3.1 shows the temperature variation over a tvpical heating season in London, UK. Frgwre 32
shows the London radistion data. The radiation valies gre for @ one square metre vertical surface,
facing south. The figure indicates tha the radistion is fairly substantial during the autumn and spring.
but rather low during the winter months. In London, a somh-facing window would receve 403
kWh'm2 for the § manth heating season. The mimber of degree-days in London b equal to 2495 (18°C
base, soe Table 3.1)

The data consesas of ~20-vear average” lemperaiure and solar radinfwon datn. The calculation of the
“average’” has been accomplished by taking months with a degree-day accumulation equal to the 20-
viear average, and using their exact hourly average \emperature and solar radiation mexsuremenis. The
nogmal temperature and radiation variabiliey is therelore included i the dat. Te avesd showing the
high Muctuations of the hourly and daily remperatures in the graphs shown i this section. the mw data
was piit through & Mleer which averaged each dat point over o two week period. The graphs therefore
show a smooth two-week running average. The simulatiens however were performed with the hourls
data.

Te select an appropriste city for the continenal climate, meteorological dat from Helsinki, Finland,
and Toromto, Canada were compared. The Helsinki weather data wma obtnined from the Finnish
Meteorological Institute, while the Toronto data was obtained from the University of Waterloo
WATSLUN laboraory

The two-week running average temperaiures in Helsanki and Toremio are shown in Fizure 3.3, The
Toronto temperatiures are generally higher than those of Helsinki, except during some perieds in the
winter, The degres-days for Helunki and Toronto are 3479 mnd 3844, respectively (see Table 311

The two-weekl running average radiation valies for Helsinki and Toronte are shown in Figure 3.4
Agabn, the values are computed for a vertical, one square meter surface. facing south. The amotint of
radiation received in Toronto is substantially higher than thae in Helsinkl. The total amount of mdiation
received for the 3 month heating seazon in Helsinki fs 519 kWh'm2 and the rdiation received in
Toqomnto is about 30% higher at 687 KWhm2

With regands o both solar radiation and temperature, it is evident that Toronto’s climate &5 milder than
that of Helsinki. Although there may be a number of Nonhern European cities better represented by
Helsinkl, Toronto's weather was more representative of the majority of continental European cities as
well a3 cities in the northern parts of the United States and Cannda. 1t was therefore decided 1o ise tie
Toronto wenther dain to model a continental climate in the building heating system simulaiions

Tishle 3.1 - Comparison af climaies for capial cities

City Design Temp Degree davs Solar Radiathon
iheating <eoson)
*C kWh'm?
London =5 il LA 403
Taronio 17 3844 6T
Helsinki =afs 4470 59
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4 Description of Building Models

41 Intriduction

Section 2 above describes three different types of building and o tvpical heating svstem for cach as
follows:

apariment blocks: radisors, two-dage hot water heating {non-storage)
row houses: rdistors, parallel hot water heating (non-storage)
commercial buildings: air heating and radeators. no hat water

[ order 10 optimise the whole CHP/DH system with respect 1o operating (emperatures it i3 mecessary 1o
establish for 3 range of design opetating temperatures:

o« how the capitnl cost of the heating installation changes
*  how the flow rate and operating temperaiircs vary over a year

The later information enables an accurate assessment to be made of the cous of hem production.
clistrict henfing network hent losses and pumping costs. Although approximations cafi be made to
derive this imformation, «g by taking anmusal or monthly averages, the development of advanced
software simulation 1ools (SIMULINK - The Math Works Inc. ) enables howr by hour varimions in Mow
rates and temperatures o be caloulaled for cach building for subsequent use in the heat production
models (see section B).

The three building tvpes and the two climates result in & models where both design Now and retum
remiperniunés can be varied.

After discussion within the Expenis Groop i1 was agreed o consader the following varagions in flow
ts:mpctuum

Far direct connection:

constany T0 °C
varying temiperature from 80 °C to 70 °C with external air temperatune
constant 90 °C
warying temperature from 90 °C te 70 °C with external air temperature

For mdirect connsction:

#  comstant pramacy 70 °C, constant secondary 60 “C
& ponstant prmary 80 °C, constant secondany 70 °C
& ponstant primany 90 °C, coastant secondary 80 °C

Fable 4.1 summarises the simulations for the tvpes of building. heatmg syatem and connections. as well
a5 climate and supply temperaiure levels,



Table 4.1 Specification of buddivig, Meaving svsiéam, conmrections, climare amd supply emperatnine

fevels
Building fﬁ: Apartment Bldg. Row-House Commercial Bhdg,
Climate Toronto  London | Toronto  London | Toronto  London
[Hreet Connection 2-stage i-ﬂn:g: Parallel Parallel
Primary
TOAC {constant) W " " s o o
80-70°C {varfahle) P o+ o o s
B0-70°C (variable) < 4 B o ¥
B0°C {constant) W o
Indirect Connection Istage  Z-atage | Parallel  Parallel
Primary Secomadary
TOAC {constant) BIFC (constant) -"' o e o
BO°C (constans) TOC (eonstant) W o ¥ o W 1"
00 C | constant) ROPC (consiant) I o
WEC (variable) B0 o

Higher wemperatures than 90°C were mol considered s these systems would not be clissed as low
temperature svstems (for a discussion of temperatares higher than #0°C see section | 1.5)

For each of the shove cases, the heat eminer (radistor) size was then increased in smges to give 6
different design return lemperabires. This resalted in a ol of 180 outpit files each confaining hourly
demand simulation fesulis

The following sections describe the assumptions made for cach of the building models in more detail
{Appendix A provides additional information on the SIMULINK models for the boilfing heating
systems, a5 well as the detailed model description for different componenis). This i followed by a
discusiion on the caphial cost relationships with operating lemperatuses.

4.2 Specifications of Building Types
4,21  General Approach

A modular approach was used to design the buildings. For example, a single, nine storeyvs high, | 8-unit
“glice”™ of an aparment building was simulated, By multiplyving the nomber of slices, an aparment
building with almost any load can be modelled. The same con be applicd w the row-houses and
sommercial buildags where the nuemiber of units can be muliplied up.

Al buiildings were modelled with two thermal masses. However, since the temperature set-points were
constant, these thermal masses did not afTect the simulation 1o o greal extent

The selection of vanables 10 simmbate ench bullding tvpe was corefully considered. Although the most
realistic system wolild simislace all vartables for cach building rype, such an approach would result in
overly complex and lengihy simulations. Table 4 2 summarises the variables which have been taken
mto sccosit in each of the building types.

& -




Table 4.2 Vartables wsed in duilding sionlations,

fﬂ.'rrr:ed Matuiral
Ventilation YVentilation DHW Saolar Gain Intemnal Gain
Losses L.osse
Apartment < S <
Row=llowse o o o
Commercinl o o

Solur gain was colculated by assuming that, on average, the buildings were oriented 20 that they
received £3% of the radiation of o south-facing ullding sml using o glass mnsmimance Setor of 0.7

Table &3 shows the peak hemt losses and heat loss fectors for comesponding design outdoor

Iemperatures and room temperature sei-podnts for the three wwpes of buildings in Toronto, Omario,
Canada and London, United Kingdom

Tubfe £ 3 Poak heat lovses and heod by facioes b dexiger conalitioe

Peak Heat Loss Heat Loss Diesign Chitdoor
Building Tyvpe City (kW Fagtos Temperature
(kW) {'C)
Apartment Toronio TG 14 =172
Lokt 518 2.14 =5
Row-House Toronto 7.30 0.201 112
Lomibon 482 0,201 ]
Commercial | Torono 1000 3762 172
Londan i3 27.62 -3

The room temperature has been selected a2 19°C for all cases which s alightly lower than the average
mternal temperature to 1ake sccount of some mtermal gains from occupants and electrical equipment, I
i gxpecied that room femperature sei points will alse vary secording to the extemal temperatire,
higher temperatures being needed in cold climates. However this mddinional complexity in the
simulations was nod considered worthwhile.

The wolar gain was oot conshidered m the commencial building a8 this is assumed w have a deep plan
and Bimited window area being pantly office and partly an ivdusirial space.

The layout and characteristscs of the buildings are described below

4.2.2  Aparvment butlding

The apartment bailding 5 @ medium-rise building, One “shee™ of the apanment building is 9 sorevs
high, one unit wide and two units deep. This gives the Dexibility needed o provide o wide range of
loads while mot oversimplifying the sauation. The lavour of one unil & shown m Figo 4.0,
Approximately $6% of the outside wall consists of window area.
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The heat loss factor for one shice of the apartment building w 214 kW/"C. This heat boss factor results
in peak design loads of 77.6 KW and 314 KW in Toronio and London respectively. It is sssumied that
there is no heat transfer from the sidewalls, This is a reasonable assumption if the apartment building i
made up of many slices. The breakdown of the heat losses at design condition is:

a 3% natural ventilation
LI 1 envelope losses through wall
RO envelope losses through windows

The DHW consumption was 2083 Vday/apanment according 1o the profile shown in Figure 4.2, This
consumption value was derived from a demand curve for o 24-unit apartment building. taken from
Yang (1994). DHW consumption diversification i the |8 units of the “slice™ has boen tken into
i pond




Timae of Day (k)

Figire 4.2 Domestic hor water consusmprion (inciuding diversification) for ome apartment

FowsHoue

The row hiouse has two storeys and a full basement. The lavast of the Girst and second oor is shown in
Fig. 4.3. The simulations were carried out for one unit. assumed to be located between similar units.



.-qsnwa.n‘.l' 2 T
k &1 w03
l—2%0—— |
11 £ —/ D =
w 200 M QTS E E
. ] i
\ad w |50 w00
First flocr

/_ -~ I i g
L. N T T

LT
=
>
- 1200 Ll
Second foor

Fipwre 4.3 Firnt amd second Jeor fovout of o roedioue

The heat foss factor for one row house is 0200 KWSC. This leads o o design load of 7.3 kKW in
Toronto and 4.582 kW in London, The breakdown of the heat Insses s design condition |s listed o the
forkhowimg:

= %% natural ventilation

o |#%  envelope losses through walls

= 354 envelope losses through windows
O envelope losses through ceiling

From the DHW consumption study by Lawaetz (1985), the DHW consumption in this study was
assumed af 238 Vday'house (assumes I adulis and 2 children per dwelling). The consumption profile is
shown in Figure 4.4, This profile allows for 4 diversity factor of 027 on a peak demand of 634W
{assuming a peak load from a single bath tp ar 0.3 15 wath o temperature rise from $°C 1o $5°5C), and
therefone represents a typical demand profile for a group of say 10 row-houses. The simulation output
14 based on providing hourly avernge demands and this effectively increases the diversity factor 1o
aboiuy .04,
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423 Commercial Building

The commercial building has dimensions of 104 metres long by 104 metres wide and B metres high
There are two main sections: office and workshop area. The office area occupies one hall of the
volume of the building and consists of two floors (each 4 mietres high cellings). The workshop area
occupies the remaining half and has 8-metre high ceilings

The heat loss factor for the commercial building s 27.62 KW C. The resultng design loads are 1000
kW and 663 KW for Toremo snd London respectively. The breakdown of the heat losses B

% forced ventilation
6% envelope losses

tnremal gain of 13W 'm* for both floars of the office area and 10W 'm* for the workshop area (total of
316.32 kW) are considered in the building model for Hghting, workshop machines, etc. from 8200 1o
1800 on weekdays

Domestic hol water was assumed 10 be heated electrically, and was not pant of these simaulations

4234 Direetly and indirectly connected 2-stage heating systems in the apartment building

The diagrar of the directly connected heating system of the apartment butlding is shown in Figure 4.3
It includes a space heating svstem and o domestic hot water systerm, It should be stressed that the
diagram shown in the figure is simplified in that it omits 2 number of components, essential to safe
pperation in practice, but not to thermaodynamic performance
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Figrre 4 3 Diagram of & directly connected heating rostem for the apariment building

The DH water is directly fed to the mdistors in the spice hesting svstemn There are two heat
exchangers (pre-heater and post-heater) for domestic hot water heating. Thee pre-heater further cools the
DH water coming from the radiators and pre-heats the cold water mains when the domestic hot water
(DHW) 15 being drawn off. The post-heater of the second stage heats the DHW 1o set-point
lemperatise

The room remperatuse b controlled by a temperasiure sensor in the room. The OH flow through 1he
radiators is sdjusted by comparing the acal room temperatute 1o the set-point. The domestic hot warer
temperature control is similar 1o the space heating conirel except the temperature sensor is placed in the
outlet of the post-heater

The diagram of the indirectly connected heating system of the apartment building is shown in Fig 4 6
The syitem in similar 1o the direct connection except that the space heating svstem i supplied with hot
water via a heat exchanger. The supply temperature to the radintors is regulsted by 3 conmol valve m
the DH return line
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Figure 4 6 Digeram ol an rdirecily conneched heaiing svsiemn for the aparimenr bulldieg

The DHW circulation water flow (both in the direct and indirect connections) is assumed 1w be
comaant. The circulation ling has an assumed average heat loss of 100 Wiaparmen and a resulting
temperature drop around the loop of 8°C. The heat lods from the circulation line s considerdd a1 a
coqstant heat gain i the buildng mode],

425 Directly and indirectly connecied parallel heating syvsicms in ihe row-hoose

The diagram of the directly connected heming svstem of the row-house i shown in Figure 4.7 [t
ineludes a space heating systiem and a DHW system with one heat exchanger. The temperature controls
are Identical 1o those for the directly connected 2-stage heating system in te apartment building,
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The diagram of the indirectly connpected heating system of the row-house s shown in Fig. 4.8, There
are two heat exchangers in the svetem, one for apace heating and one for DHW, The temperatire
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4.6 Mdrecily and indirectly connected heating svitems in the commercial building

The directly connecred heating system of the commercial building is shown m Fig. 4.9, It includes a
radiator system and a vemtilation air coil svstem., The connection of the ventilation air coil system is
based om the “Svseem 37 m Volla et al. (1) The ventilatmon air codl s connected i series with the
outlet of the radiator system, Water to the heating coil s drawn from the DH svstem (it necessany) from
g two-way valve and from a three-way valve which mixes the return water coming from the heating
ol wivdl tlve return water coming from the radiators

The indirectly connecied heating svstem for the commiercial bulding is shown in Fig 4.10. It also
includes a radiator svstem and a ventilation air coil svstem. The ventilation air coil is connecied on the
primary side o the guthet of the radistor heat exchanger. A three-way valve mixes the rélum waler
from the coil and the retum water from the raditor beat exchanger. IF required. supplementary hot
water to the heating ¢oil is drawn from the DH system
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4.7

Assamptions Apphed in the Building Heating System Simulations

Some assamptisns apphed 10 the dynames simulafions, commasn to all building types, are listed below

[ some simakation cases, 1he DH supply temperature s varied with the outdoor temperature,
In these cases, the supply temperature increased linearly from the T0°C base tempemitire
when the outdoor temperature dropped below 0°C i Toronte and below 5°C in London, see
Figgures 4,11 and 4,12 As the outdoor temperature dropped, the system supply temperture
change was rate-limited (0 no mose than 2°Ch. Conversely, as the outdoor temperature
inereaved, the supply temperatwre could not decrease by more than 0.5°Ch.

For indirectly connected space heating sysiems, the heat exchangers for the radisiors wers
designed based on the primary and secondary side fempertures shown below

Primary Side Secandary Side
T0°C 7 557 BOMC J 300C
R04C M550 T 1 50T
BO*C (1 35°C BT 30°C

The head exehanger size was funher oversized by 2%

The heat tramsfer area of the radiators was designed so that the retum temperature from the
mdiator was $5°C for the direct connection and 50°C for the indirect connection at design
lpad. Six different radintor surface sress, ALOD, ALLS, A1ZS, AL3S AL 5D and AN 75,
were applied i each cuse study 1o gt s different retum temperatures, A LLOD i the base
case, AL 15 denotes a | 3% increase of radiator surface area above the A 1.00 hase cane, e,

Room femperature sei-point was 1990
The heat exchanger for the DHW sysrem was designed on 8 9°C loparithmic mean

temiperature difference basis {primary side T0°C (10°C and secondary side 5°C 735°C), with
20%s oversizing. Primary side is T0°C for all cases as for the variable cases the demand must




be smisficd for the summer operaton, Hence there 15 a small additional oversizing elemem
in the design for the constant 9°C and constant 80°C cases, The additional cost of the heat
exchanger surince 13 relanvely low however and has negligible effect on the economic
cOMparisons

The DHW temperature set-point was 53°C

The domestic cold water supply temperature was varied between 3°C and 1 2°C, depending
on the season.

Several sdditional assumptions applied to the commercial building heating system simulations dre
oartlined i the following:

The radintor heating svstem was desipned 1o cover 84% of the boalding heat loas w0 design
condithons

The ventlation air coil system was designed (o cover 36% of the building heat loss m design
conditions. The inlet air temperature was at outdoor temperature (i.¢. no re«<circulated airy. The
outlet air temperature was 19°C. The fresh air supply rate was a constant 8.4 m''s. At design
conditions, the water temperature (o the inlet of the fan ¢oll was 10°C lower than the DH
supply wemperature. This temperature level was achieved by mixing the oulel water from the
raddiators radiator heat exchanger with fresh H water. The fin codl outlet water temperatire
was J0°C ot design conditions.

The heat transfer areas of the fan coils were increased by the same mtio as the radintor ancas.
Lo 0, 15%, 25%, 35 30% and 75%
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4.3 Hesults of the building heating svstem simulations

The resulis of the simulations for each temperature case were contained in a file listing the DH flow
rate. DH supply tlemperatiene and DH return temperature for each hour of the year. Figures <, 13 1o 4 20
illustrate the 24 hour profiles for typical summier and winter days for the apartment blocks and the row
hoises i Lodickon and Toroato for the variable DH supply temperaturs and dirggt connection cases

The Figures 4,03 to 4.20 illustrare thae consistently Jower return temperatures can be obtained with the
double hemi exchanger system as used @ the apartment block misdel during the winter period,
compared 1o the row houses model, @ the retum water from the mdisors iy wsed 0 prehent the cold
feed to the hot water svstem. In the summer night period the heat demand is only required o
compensaie for heat lesies from the domestic hot water distribution circuit. As there is minimal cold
water draw off i this period the returmn waier temperahire rises nearer 1o the domestic hol waler
recirculation temperature. This rising temperature characteristic does not occur with the row housés as
there is no hat water recrtulation

The Figures alsa (lusirate the difference in demand over 24 hours between London and Toronts, The
much lnreer swings in fow rate and returm lemperature in Toronto arise from the greater temperiine
range in & tvpical winier doy and the influence of higher solar radiation

The resubis of the simulation can also be presenied as an anmual encrgy wse predicvion for heatmg and
hiot water a5 shown in Table 4.4 Although the climate is much colder in Toronto the oad factor is only
slightly less than in London




Tadle 4.4 - Emergy wre predictine from Siondink models

ik Climate Peak Heating Anmual Hea Lcvaall
Demarnd Energy Used Fastor
kW kKWh o
Apartment Blocks Londdon | T3 LU TR #1.3
Toronto 102 8 353347 351
Row houses London 1.5 i8367 350
Teranta 1.3 21956 260

Mode: the losd facior = 100 x wenual energy ipeak demand x B760) The peak demands are the
maximum dermand that oceurs during the average vear that has been modelled,
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London Apartments - Hourly Flow and Retum Temperatures and Flow rates
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44 Coplisl cost of Boilding healing system
441 Cost Elements
The capiial cost of a bullding heating svstem comprises the following principal clemems

radintors and their control vahies

air heating coils

primary secondary’ hent exchanger if indirect connection
hot water hest exchanger

circulating pumps and pressunsation wwstem

alr supply and extract fans

heating distribution pipework within the buildmg

alr distrbistion ductwork within the billding

hot water distrabation pipewaork within the buildmg
connals and metening

W & @ @ § & @ & &

Whitss the capnal cosis of all of these elements are o some extent dependent on operating
temtperatures, the most significant variahle costs are the radiators, air heating coils and heat exchangers
where the size of equipment is dependent on the emperture differences availakle to peeduce the heat
tranafier. These elements are discussed in tum below.

44T Radiators

The cost of & radiater system will conadst of a fixed element (for valves and pipework) and a variabie
clement depending on the strface area of the radiator

Rodiator prices obtained from supplicrs v the LUK have been analvsed and it was found that the costs
are linearly related 1o the standardised heat outpat and the surface area to within +4- 3% The capital
cost of the radinfors has therefore been ealculied wsing the area mitios for each case as defined in
secthon 4237

Tabde £ .5 - Cowr af tmralled radfiree capacing iUELERG

Flun temperniures "C
Return Area Ratio 0 80 i
lemps #C
55 1 Kig 434 07,0
T WE] 93 % 1063 1330
45 i25 1155
3 125 101 6 1338
42 |33 Tt 5
] 135 104 § 4.7
18 1.5 1310 138.6 1605
i .75 i6l,7 873 |
33 .73 433

It can be seen thot the costs double for say 0 7038 system when compared to a M35 system, This
results in a penalry of approximately 100 of 8 typical heat sefling price which will need to be affset by
the benefits obtamed from lower operatng emperatures a2 the CHP plant if these lower femperaiures
ate o e econmnic

The above andlvsis assumes thar the number of radiators B constant. 1T 1he size of the radiators for the
lewer temperatures beoomes such thm a second radiator 5 needed In & room then the coms will e
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higher as additional radiator control valves will be needed. The space occupied by larger mdistors man
also be a disadvantage if the buikding insulation levels are poor

445 Ar-eoils

The cos of an air-coil bearing ssstem will consisl of 8 fxed element (For fans, ductwork, control
vialves) and o variable element depending on the design of the hesting coil. The heating coil deskgn B
determined mainly by the number af rows and the number of fini

The cost of finned heating cobls for grhandling plant have been obtined from a major UK. suppirer
(AAF, 1998) for o range of DH temperature cases and. & expected. the lower the operating
iem peratures the more eapensive the ar heating coil (see Tobde 4.60 The cost of an air heaung coil is
very much lesy than that of o radiator as the heal iransfer 10 the air i3 forced convection and the heat
imnsfer is very effickent wimg finned mwbes. As & resull although the mr heating coil cost doubles from
GO0 by TG0 this mcrease is relatively unimponant in the total cost of a heating project

Taatle 4 & = ot o air faakiog condly (0TS A0 Bavedd i i LIORN cagd

Heturn Flow temperiiures “C

temps 5T i i T
T 37 na na
L] 43 f2l na
50 i1 .4 .59
¥ fid R T4

444 Cupital cosi of domestic woter heating systems

We con assume that the cost conamts of a fived elément ond & cost dependent on the size of the hesi
exchanger. Costs have béen obtalned from heéat exchanger manulciurers in Fenland for a range of flow
and rétum temperaturei o define the relationship, ssuiming 4 3°C to 35°C rise on the bot waler service
side and a 15°C retumn temperpture from the DHW 1 305W heat exchanger

Q07 Now USS19.2 KW
0T Mo LSSTLE AW
445 Capital eost of builiding eonnections
The moin cost foctor s the differcotial cost between indirect or miking connection mmnd direct

connection. Where indirect connection b5 used the connection costs will Bave some dependence on the
temnperninre difference dcroas the heat exchanyer

Tadelg 4.7 = Corat of indivect conneeiion swbikations LSS Mg and hot warer

Return Flow temperalures

Temps Wi Kl 70
il rd 24 Irl
1] .l | 224 24
40 16 176 184




1.5 Ciperating costs af buillding hesbing sysiems

CUperating conts of the heating vatem within the builfmg sech as electrictv for pumps ond fans will
vars slihdls with the femperaures selecticd bur this cost vanehle hias been wenored as o will be sminll

compared to the district bexting pumping energy’ ool
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5. The Network Models

&1 Msirici Heating Seiwork Costs

The total ot of a heat distribution system comprises three elements: capital, pumping energy and heat
losses, The designer of the network seeks 1o optimise the pipe sizes, once flow rates have been
determined, 40 that the il cost taking indo sccound these three elements |5 aibtimised. For example a
svatem with larger dismieters will be more costly to construct and will have higher heat losses but will
use less energy in pumping as the prewure drops will be less. This pipe sizing optimisation process s
ilbgstrated in Figure 5.1 for the apartment block netwiork

| [ o Total cost

2000000 L | —m— Pumping cosi
1m mm

e #

20 40 B0 BO
Presare difterenee of system (metres of water)

Fhnere 5, 1= Optimisatinn of Pipe Sizes v the Apariment Block Netwerk { Londen)

For a singhe pipeling i i strughifaraand (o carmy oul an optimsabon: bt for o complex network 3
compuler programme is normally med. The System Homet programune has been developed by
Ramboll, consulting engineers i Copenhagen, to carmy out these cos! minimisation colculations and
was used for each of the three notional networks serving the different bulding types. The progmmme
automatically sghects pipe sizes to salisfy given preéssure consiraints and o minimise ol liferiome oo,
Pipes located neir to the pumps dre reduced m sire as the pressure difference 18 available umil &
maximuim waher velocity 1 reached. Assumptions om pumping clectricity costs and boad faciors are
made based om typical Mgures (see 5.5 below). Once the network has been sized I this way and 1he
cupit] cosr established, the scrupl electrical energy peeded for the pumps and the additional heat o
take account of the heat losses from the network, is calcalnted in more detall, on an hour by hour basis,
as part of the Heat Production Model (see section 6). This two-stage approach avosds a more complex
[terative process between the two models with no significant boas of accuracy.

Capital cost estimates are based on an average of costy per metre of trench which wers obeained with
the sssistance of the Expent Group members. Typical costs from Geemany were taken from (AGFW,
[997L The costs obmined are plotted in Figare 5.2 agains intemnal diameter fiom which a relationship
heas been devived with the following formula

Caplial cast = A<B*d




where typically for an urban osaallation {but nod 4 city cenfrel:

A=LIE0
B=£1. 800
n=].3
and o bs the internal pipe dinmeter inm

The data from Sweden, Canada Gemmany and the Uk agree with this fermls o within 15% however,
the costs rom Demmark were higher than this average and figures from Finland were senerally |ower
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For each network the hear loss rme per °C remperature difference (berween DH wnter and ambient) is
cileulated from the schedule of pipe siees and lengths forming the output of the hivdraulle eptimiation
for wse in the Heat Mfroductuion Models (see section &)

51 The Apartment Blocks Model

A petwork mode] has been developed s shiswn on Figure 3.3 for apartment blocks spaced 1o give a
hem density of 3.5 KWm (in London). The elharscteristics of the netwark are given [n Table 5.1

Tahfe 5. 1« Claeacierinbicn Of apariment hlocl ashiork

o, af blocks cannecied K

Lenzih of nenwork 11333 I
Total peak demand (London) 40000 W
Leszar hieat demand densiy ( London) 35 kW im
Total peak demand ( Toronto) S3000 kW
Lingar heat demand density (Toronta) 46 kWm

The resulis of the hydmalic model calculations for this network are shown in Figure 5.4, For each
temperature difference the capital cost is setermined for the pipe sizes and pressure difference where
the total cost b minimised.
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53 The Row Houses Model

A network model his been developed as shown on Figure 3.3 for rowhiouses with & linear heat density
of berween .33 and 2.0 KWm. The characierisiics of the nerwork are given in Table 52

Fably 3 2= Charactermtics aof rowhousey nenvork

No. of houses connecied 7,300

Length of network (including house connections) 26,000 m
Total peak demand {London) 33,040 kW
Limear heat demand density { London | 1.3% kYW im
Total peak demand { Toronto) 53,290 W
Linear heat demand density | Toronto) 20 W'm




The results of the hydraulic model calculations for this network are shown in Figure 5.6, As for the
apartment blocks, for each temperature difference the capital cost is determined for the pipe sizes and
pressure difference whene the total cost is minimised.
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Figure 5 5= An example of the rowloises network
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5.4 The Commercial Building Maedel

A network model has been developed as shown on Figure 5.7 for commercial buildings spaced to give
o relatively high linear heat density of 5-8 k'W/m. The characteristics of the network are given in Table

53

Tubie 5 3. Charasterusirey of comrmarsu banldimg metivork

No.of commercial buildings connecied 2

Length of network &,200 m
T'otal peak demand {London) | 43,000 kW
Linear heat demand density {London) | 3.3 kWom
Total peak demuand { Toronta) | &b, 00 kW
Linear heat demand density [ Toroato) | L] EW'm
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The results af the hydraulic mode! calculations for this network are shown in Figure £8. Ay for the
apartment blocks, for exch emperature diffecence the capital coat is determinad far the pipe sizes and
preaaure difference where the total cost is minimised,
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Frmre 3.8 Closr nf Diteter Heattmg Vetwords — Commeronil

£5 Direct and Indirect Connectinns

A difect connection where the district hesfing water & used as the beat trunsfer medium of the
bullding's heating systems is only possible i the maximuem desbgn temperatures and pressures of the
district heating system are ofual to or lower than the design parameters of the bullding’s Beating
shatem, [Fohat is the case then there s generally an economic benefit as the cost of the mtermedinte
hewt cxchanger and associated contrels and the secondary circuit purmp and pressurisation eguipment is
avended. In addition us there |s no heat transfer between a primary and secondary clreuit the district
heating supply tlemperaiure can be laer than with an indirect connection for the sume saze of heat
emifiers. This kower supply tempemture will bring ather economic beneltis i lower costs of heat
production. As the analvsis in this réport is limited o temperaiures below M°C, which is considered 1o
be acceptable for direct connection, we have assewsed bath direct and indirect conmection cases o
establish the poteniial coonomic bemefit of dire<t connection

It 15 normally the pressures in the disner heating network thar govemn whether a direct connection 15
possible. In the optimisation of network pipe diameters discussed above the optimum was found 1o
oceur with relatively high maximum system pressures, typically abour 8 -12 bar (see Figures 5.4, 5.6
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and 5.8} However, the opromum s relarively Nar snd o lower pressure of around 7 bar would involve
only marginally higher lifetime costs. For a direct connection of typlcal steel panel madimtons a
maximum pressure of 7 bar is normally required. To achieve this either 3 sub-optimum pressure field is
necded (Le. larger pipes) or the pumping amangement must be changed from the single central
pumping station assumed in the network analvsis described above. 1T additional pumps are located
within the network this allows maximum pressures (o be reduced without having to oversize the pipes.
We have therefore concluded that there 5 a negligible cost penaloy for the setwark iF & direct
connection upproach is assumed.




6. The Heat Production Maodels

6.0 General Description

6. 0.0 Typical Operating Days

The outputs of the building simulation models are the distnist beating flow rates and fow and
peturn temperatures for ¢ach hour of the vear from which the heat demand in KW in each hour
can also be calculated. The heat demand and Pow and returm temperatures have been used in the
Heat Production Madel to calculate the operation of the CHP plant, the energy used by the
dastrict heating pumps snd the hest losses from the hest mams network on an hour by hour basis

Heat demand profiles are offen described by a losd-duration diagram, which plots the heat
demand against the number of howrs that the level of demand occurs. IT the value of electriciny
was constant then the load duration curve would be all that is required to analyse the operation
of a CHP plant. On most electricity systems however the value of electricity varies between
might mrd day and with the seaions depending on the plamt mix on the systiem. Consequently it s
also necessary 10 know how the demiand varies over say a day in winter or a day in summer and
a load duration curve does mot provide this mformation, The ideal sstuation would be 1o model
an average vear an an hour by hour basis using heat demand and electricity price information.
Although the hourly information was available from the Canmet modelling work using this
information directly in @ CHP Bailer computer spreadsheet model was not practical even with a
fast PC. The additional accuracy was not considered necessary or justified for the comparative
analysis work of this project. The CHP Boiler model therefore uses an Excel spreadshect
comprising 16 typical days in the year with cach day divided into 24 hourly periods. The
demand pastern is delined by 354 numbsers, 4, 4% of the 5,760 needed if hourly data was tsed

The basis of the Heat Production Model is therefore an hour by hour simulation for 16 typical
davs of the vear using standard spreadsheet software (Microsoft Excel Version 7.00 1w caleulyte
the energy fow in cach hour. The davs were selecied to enable the variations of both heat
demand and electricity prices that are likely to occur to be characierised (see Table &.1)

Tahie 8.1 = Dofimitfon of Dopedd Doy

[hay Now of davs Mo, of dayvs Description
Ma. for Landon for Taromto
| 50 68 Summer Weekday
2 M i) Summer Weekend
3 43 5 Spring Autumn Weekday
1 17 p ] Spring’ Autumn Weekend
5 +4 34 Shoulder { 1) Weekday
f I% 4 Shoalder (1) Weekend
T 45 1] Shoulder (23 Weekday
] 17 I Shoulder (2) Weekend
& £ ia Wimter (1) Weekday
1 14 ] Wimter (1) Weekend
il 1] ) Winter (2) Weekidas
iz 1] g Winter (2} Weekend
13 13 17 Winter (3) Weekidas
14 5 7 Winter (3} Weekend
15 3 12 Peak/design Weekday
16 2 3 Peak design Weekend

43
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6.1.2 Inputs to the Model
The Lsputs to the Heat Production Mode| ase:

o For ench hour of the day and for each tvpical day: the flow and retum temperatunes &1 the
baildings connected and the comesponding Now rates a1 the buildimgs connected [cehained
from the Building Models)

o CHP and boiler plamt efficiencies and other performance dam including availabilisy
Heat lois rate for the network in Wimk for Now and remim pipes using the pipe sizes
derived in the Netwark Models

= Electricuy prices for each hour of the tvpical days derved from UK Pool Prices for 1996

isge Flzune 6.2}

Gas price mssumed to be equivalent to 0.8p X'Wh (HHV) throughou

CHP mainienance cost

CHP capital cost

Masimum pressure difference required by DH pumps at maximum Mow

O b o= el e e e — e sy
i

THAT TR T R T T T
HaH bremarn i e Betig
Fiignrd & 2 - Typdeol variation in eleciricity pricvey friom UK Pood Price

6,03 Chher sssamptions

The side of the CHP plant has been selected so thal approximately 20% of the waal heas
provided is obtzined from the CHP plamt and 10% from boilers. This proportion is tvpacal of
CHPDH systems bui ideally 3 separate econemic analvsis should be carried out to determine
the optimam size of CHIP plant. The thermal efficiency of the boilers i adsumed 1o be a constant
0% i all cases although lower operating temperaures could lexl m Righer efMclencies if
condensmg boilers are ised (iee section 122

The spark-ignition engine and back-pressure COGT plam are assomed 1o opernte durmg the day
petisd only (17 hours ot of 241, This B a typecal sicuation for an elecericity svstem with some
nuglear or hydro-electric stations where the mght-time elecincity price is significamiy lower
than the day price.

Where the CHP plant do¢s not operate af night o thermal store has been included in the model o
enable surplus hent during the day to supply the DH network ag night thereby avoiding the
untecessary use of boiler fuel. The size of the thermal store is again ideally determined by o cost




ogiinasation vudy apd wall be very dependent on ihe electricity tanill souctane, A further
complexity s that the amound of encrgy sorsd for o given solume 1 determimed by 1he
temperature ditference in the network. [1 was therefore assumed thin the storage volume would be
sei m o level which elimonated mwat bl mod all of e nighi-time beiler wse with a emperatsre
thifferemee of 35 °C apd that this volwne would be kept constant givieg o small sdvaneage n
pverall costs 1o cases with wmperpiure dilferences gresder than 35 'C and a small disadvantage io
gases wilh smaller tempersiuee differences. The thermal store was assumed (o of the atmospheric

pressuse Bpe

In the gas éngime ond OCOT vases it has Been assumed that the CHP plant s operated o Rallow
the heat demand, e, heat dumping i not included,

CHP availabilisy s modelled by assuming thit the CHP plant operadés [or 5% of the time with
puitages spreadd uniiommiy across the vear

E00 Outpats from the model

From the nme-varving disner heating temperatures the hew mains losses are calculuted and
uelded to the building head deminads ti give o tivtal heat demand ot the CHP ‘Fl;n!. Fosr ench Ivpe ol
CHP plani formulas have been denved to enloulate the energy flows as the hent demond varies.

The catputs from the medel are:

Hent maimns bosses

Hewt demand o1 the CHPBoiler plant

Heot supplicd from CHEP

Heat supplical by boilers {peak amd standby )

CHP fuel wse

Boiler lue] wae

Electreay gencrated

Electriciiy for DYH pumps and siler auxihiones

wel electricily generated

Income Crm eleciricity generated (or lost income in the case of steam tarbing plani)
Cust of heat production taking account ol capital, fuel, net clectneity income anx
CHP mainienance

i T

i @ % & B § F 8 @ W ey U oF ik i W wF M o= o § FOIF i
B e T

Figire 6, = Evample of heat prodwctton sesdel ongm for ao amnomn day for o spark-igainion
guir-engine CHP planr and a thersial wore
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B2 Heat Production Model with Spark-Ignition Gas-Enpgine CHIP

6,21 Capltal Cost

Asx a first approximation the capital cost of the plant is not considered 1o be sigmificanily
affected by the disinict heating operaling temperalures ot lexsl not n Comparisen with the effeci
of tempersiures off the coal of the network or building heating sysiems. ln the UK a tvpical
spark-ignition gas-engine station af amoand 10 MWe would have a capital cost of L5060 K'We
brsinlled (LI5S BO0LWe, Eurn 7200kWe)

62 CHP Performance

The performance of the plant will vary with the flow and retum emperatures, The electrical
output of the enging is effectively fived but the amount of heat which can be usefully recovered
is very dependent on the district heating temperatures. The information obtained from Wartsila
{Wartsila, 1997) for o 3. 1MWe gas-engine CHP plant is given m Table 63 Provided
fenperatures are low enough to caphire the engine jacket water heat, further reductions in flow
and return i peraines increase the heat recovery frnom wo sources!

& heat from the aftercooler can be recovered for reum temperatures below abomn 50 °C
{depending on the sctusl engine characteristics).

#  heat recovered from the exhaust gases can be increased with lower rewurn 1emperatunes as
the gased can be cooked more

For Mow temperatures below 90°C and return femperatures below 30°C the additional heat
output from using lower temperniures is small. for example o 4% increase i obmined when
using a TEC/A0C system compared (0 a 90°C/30°C sysiem,

Tabie & 2 Heor owpur i AWV from Warrsila 08 F2 350

Heturn | Flow temperatures *C

temps “C 20 1o 100 W Kip |
T 1723 n'm na na Ba na
a0 1768 | 768 ' i'a n'a na
i 2762 872 ST na A n'n
70 3358 334 404 3457 na nan
il 3446 480 ERE 3546 3578 n'a
b 1] 3533 I4AT el d634 In6T R
4 36 | ihid ELiL 8 JTa JTh ERf

Tirhle 6.3 » Heot omipant expressed as @ radio to e hear oldpar a8 80°C flow. 30°C
retmrn

Heturn Flow temperatures “C
temps "C 120 1m 1k 90 Hiy T
LET 047 n'a n'a n'a n'o n's
G 0,49 .49 ' i'a n'a mia
) 0.76 0.79 0.80 na i a na
TH 0,92 0.93 .94 0,55 wa n'a
it .95 0,96 097 0,98 0,95 a'a
1] 0nay .98 .99 LM 101 a2
&[] (] 1.0 .02 14032 1.03 1.04




This data is wsed in the operating model and effectively determines the amount of fuel needed o
meet the demand, For the same size engine, more boiler fugl is needed for the higher operuting
temperatures where the amaoent of usefil het recovery is less

This study has concentrated on temperatures below 90°C and although mou spark-ignition
engines are used 1o supply smiall-scale low temperature svstems it is interesting o note thay i the
retrn bemperapure is low enough (beds than 70°C) the heat recovery rae for 4 flow lemperature
of 120°C s only 3% lower than that at 90°C flow,

The other assumpiions on CHP performance are given in Toble 6.4,

Table 8 4 Heat Production Model - Spark-Igrition Ergine CHP - dsoungpiions

Item Linits Assumed Value
Elecirical eificiencs bl 36.0
Orwverall eifickency at 90" C/30 * C ny 0,0
Boiter elficiency % R0.0
CHP Avmlabaluty e Q5.0
Maintenanee cos pkWh .4

¢

6.3 Esxirnetion-Condensing Steam Torbine CHPF Plaat
6.3.1 Capital Cost

The steam surbine i assumed 1o be ah extraction-condensing rvpe which mighs nvphcally be used
with & waste-to-energy plant or a larger central pawer station. The capital cost of the plamt is
again assumed 1o vary only marginally wib district hesting operating iemperatures, i same
electricity markets where there are separnte payments for providing plant capacity e capacity
credit for the plant will ablso be reduced unless a thermal siore permits full elecirical sapput 1o be
prochuced o1 times of peak electricity demand.

For the purposes of this project we have assumed thas the additional capiai cost assoctated with
the dismict heating supply is small and independent of operating temperatures and can be
neglected. The capital cost of the whole generating plant 15 assumed to be financed by eleciriciny
sales and waste disposal mcome,

6,31 CHP Performance
There is o cost in producing heat from an extraction-condensing turbine because the alectrical
output of the plant reduces when heat 15 extracted from the turbine, This *lost electricity” has a
wilue which determines the eost of hea
The amount of kest electricity is defined by the formuln

electricity lost = & * heat produded
To determing the z-facior a formula in {Winkens, 1986 has been used:

£o= 048 * T, « 0.00TES * T, 004365
As 0 comparison, an analysis of a typical two-stage heiting pranzement Tom an ¢xraciion.
condensing turbine has been camied out wsing the STPRO plamt modelling software, Table 6.5
shows the z-facior calculated from both the Winkens formula and the STPRO mede] for the

range of temperaiures under consideration. As the results are chose it was decided 10 use the
Winkens formula directly in the Heat Production model to calculnte the reduction m electricity

A5
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outpud o each hodr oseig the houdly variated in lemperatuies ond hence calculate the cos of
heat prosluction i any hour,

Teible 8 F - z-fuctor colenlaied for o range of operallng lemperamres

Hiturm Derivanion of | Flpw Tﬂnprrnlumﬁi
Temps ("C}) gt
i 5 R

Sk ‘Wimkens ols2 na wa
STPROY 0,136

T Winkens i 1dd {130 ma
STPRO 0433 0,120

(i Winkens @137 (i W ] 0,107
STPRO 0129 oz 010

an Winkenis 129 (IR R 0094
STIFRO 0.2 NN E 0.102

Al Winkens izl 1. 16 ooaj
STFRO 0,123 (N e ool

Table 6.6 « Logr elecrrhznny expressed av g rarlo fo the elecerretn fonr ar 8000 o
200 roriorm (W ik fovempanfon)

Return Flow Temperaiures
Temps 21 Bk 0
il [.18 nu A
] | L. n'a
till |06 .93 L &
&i) 1.00 0.5% 1 |
Al .84 032 Tl

From Table 6.6 it can be seen that 30% less eleciriciny is lost al temperatures of 70°0C40°C
compared to 90°C30°C, Tt can also be seen tha reductions in retum temipernture have kess effect
thas reductions in Row lemperature; & drop of approsimately 20°C in retum fempersiire bs
required to achiéve the sanie beneli as a 10°C drop in Now temperature,

6.4 Combined Cyvele Gas Turbine Plam
64,1 Capital Cost

The capiwn] cosn of a combined eyele gas wrbine plam i3 very dependent on sire, Published
prices (GTW, 1997} indicate o basic cost of USSE00kWe ax typical for o wemkey COGT b the
range 50=100 MWe outpui. The cosi reduces o0 around S400°KW for J0D-300MWe power
stationd. For this stody the smaller size and higher price has been assumed.

In recent vears, a number of small combined cycle plants have been built specifically 1o supply
district heating schemes. Discussions were held with one supplier, ABB-Stal, who advised thm
the capiml cost of the plant would not vary significantly with the district heating operwting
temmpernimres. As discussed in section 254 we have only considered 3 Combined Cycle CHP
plant using & backpressure turbvine with the addition of a district heating economiser. There will
be o small saving in the capital <ost of this economiser as the district healing emperniures are
reduced but this will be offsct by an inGrease i cost for the lorger diameter low pressure steaim
pipewark supplying the steamDH heaters. These small changes i capital cost have been
ignoned




) CHP Performance

As the fuel input is Tixed by the g turbine 1he performance of the plam can ke defined by the
amount of power and heat thar can be produced for a range of DH operating temperatures. This
in turn i determined by the performance of the low pressure stages of the steam turbine. The
electrical output is determined by the extract pressures which in wm are derermined by the
sigam temperatune which is mken (o be 5°C above the dismrict heating leaving temperatures
circuit. There are a wide range of CCOT configuratsens using gos turbines from 20MW 10
200MW and we have assumed typical perfonnance for a relatively small-scale plamt of around
50100 MW

The district heating economiser is sized 1o ghve an exhonst gas ontler temperature of 72°C which
fs typical for retum tempesatures below 60°C, As the retum temperature is reduced further more
hent conild be extracted but the 75°C is nermally an econsmic limit for gas <xit temperasine
Lower detign refum temperatures could lead to a aligily sowiller cconomiser and a
corresponding saving i capital cost but this 14 contidered negligible

In operating the plant the amount of power praduced will be dependent on the ambient air
temperture and the amount of cooling available w the sizam turbine fram the DEH svatem. As
the heat demand falls it wonild be normal practice for the heat exiracted from the economiser to
be reduced st so fhat the maximum sSeam condensing mie can be maimiakned and the stemn
tierbame electricity production masimised

Tadile 8, 7 Howl Provlaciion Mode? - Combined Cyole CHP (= 0000 - Agmumipritons

Itemi Lkt Assumed Value
" Elecarical tﬁ:'—mnl:}' at 15 °C air temp (higher calorific value s 41.3

hasis ) at maximum heat ond power production

Overall energy efficiency ot ®0° C 50 ° C DH remps (higher e &0

calorific vilue basis)

Haaler efficiency (Migher calarific value basis) . AR
TCHP Availabalin " R0

Maienance oo phWhe [T

6.5 Summary of the influence of H operating remperatures on heat production eosts

Within ceriaim bounds (refumn temperaiures less than 70°C), the hear production cosis from a
spark-ignition enging are largely mdependent of DH operating temperanires.

Im contrast, the steam webine plamt & heavily influenced by opersting temperatures which leads
1o the common eperating sirategies of.

» reducng the DH flow lemperature 08 external temperatures rise and the hent demand falls
*  using peak boilers to increase the flow temperaiure to mest A rise in demand rather than o
AMTEE & Constant Mo ternperatire ond merease the DH Now rates

The combined cucle plant can be conshdered as an zrmaediate tvpe as although the plant i sl
dominated by the steam cvcle the additional heat recovery from the exhmst gases by the district
heatmg economiser i fearly independent of operating emperatunes,
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7 Apartment Block Case Studies Results

7.1 Presentation of the resulis

The total cost of heat has been plotied sgaing the design temperature difference TETr used for the
network design with a separate curve for each selected flow femperatune

The cost of heat w expressed o both US dollars and Ewros per KWh ol beal delivered and includes
boih capital and operating costs. There are three elements:

e the building internal cost (radiators and substation

= ihe operation cost which is the cost of heat production ot the CHP and boiler plant mcluding
the pumping cost

#  the aetwork cost (capital element)

The heat losses from the netawnok result in an additional heat production requimement and are therefone
reflected in the operation cosi.

The impomance of the results i not 50 much in the Absolute cost valees but in the differencer Between
the costs for the vanous temperatunes assumed. In order 1o assess how important these cont differences
ore in relation to the development of a CHPDH scheme it was decided 1o express all conts as an
annualised cost per unil of heat delivered 10 the buildings. [n economic terms this s cquivalent 1o
calculating o hent seiling price thot will provide the necessany retum on capital emploved and cover all
annual operating costs. The coat differences thal are shown on the graphs can then be related 10 the
tvpical energy sciling prices for DH or other fuels and an asscssment made as to whether these
differences arc impartant enough o inlluence the general economic viability of the scheme

In the key, T = 90-70 and T = B0-70 represents the cases where the Mlow temperature B redioced from
W C and 80FC respectively 1o TOC an the sumimer

7.2 Spark-lgnition Gas-Engine CHI Cases

The resulrs for these cases are presented in Figures 71,72, 73 and 7.4
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T Steam Turbing CHF Cases
e reswlts for these cases are presented in Figure 7
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74  Combined Cycle CHE Cases

The resulis for these cases are presented In Figures 7.9, 710, 7,11 and 7.12.
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3 Row-house Case Studies Results

K. Apark-lgnition Gas-Engine CHP Cases
The resulis for these cases are presented in Figuses 8.1 and 8.2
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E2 Steam Turhine CHP Cases

The results for these chged afe pu'ﬂfl'lrcd in F!Eulﬂq 9 and B,
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53 Combined Cyele CHP Cases

The resukts for these cases aré presented i Figures 8.5 and 8.6,

15 e — e : —
[ |
TR e Y
~ ._.___-'____.—I-"'-*
elkWh 1.5
s Euro c/kWh
1.8
[_PY
-‘-._‘ Metwork Cost | 1 [= TH=90-70
- T = 80T
. -y g M- .TIITIJ
Crperation Cost -
-— . --.‘..-,:.;j_.'.rh:-—-ﬂ--w-a-— ¥
05
S .-I-'P e -:* _4,_:__.|-|-r:""
Building Intermal Cost
1] ]
o 10 1] 30 40 L] 60
Tam perature differance (TE-Tr)
Figure 8.5 Combined Cycle CHP « Row houses in Lowdon
?5_. — —
Total Ciost 2
| "‘-'—-o-‘f -
1' .___.__._.-I-"‘-”.‘-
| 15
18 |
Burces cidh
US oidvh |
Nebsicek Cosd y xM=807
1 . o T =H70
""h p =0
F -
Oporation Cost = = =8+ sgeg = = S p—
= il 0s
05 | '_._4-!.""-" . _'_;.;.-"#
| - .___._n- -_H___;.._.-lr
Bulding infemal Cost
L+ | S - L — P . . —a 0
o W ol i L 1] 51 L]
Tarmporsune &Pafencs (T1-Trj

Fignre 8.68; Combined Cyele CHP - Bow howses in Toromto



9 Downtown Area Case Studies Results

al spark-lgnition Gas-Engine CHIF Cases
The resulis for these cases ane presented in Figumes 9.0 and 5.2,
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9.2

Steam Turbine CHE Cases

The remilis for these cases ane presenied in Figures 9.3 and 9.4,
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2.3 Comiblned Cyele CHP Cases

The results for these cases are presented in Figures 9.5 and 9.6,
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10 Interpretation of Results

0.1  General

Although there are a latge number of nssumptions mvolved in the modelling of the case studies, and in
amy given actusl situstion aMemative assumptions will be nesded. the results of this analvsis are
considered 1o be valid in indbcating a general rend for the optimisation of CHP/DH designs

1L The Apartment Blocks Model

The varous cost elements calculated for the apartment blocks models are presented in Frgures 7.0 1o
711 In this section we discuss the results for the London climate and direct connection, The mmpact of
the climate and the type of connection 15 discinsed m sections 10,5 and 10,3 below,

Hear production oot

Figure 7.1 provides comparative resuls for a London climate using spark-ignition gas engine CHP
plant s the main heat supply source. As might be expected there is only o small variation in heat
production cost with termperature provided the temperature difference is more than 30°C. The higher
conts associated with the smaller temperature diffesences are due to the higher flow rates and hence
pumping energy, The consant %0 °C [low case gives a lower cost of heat pmduninn than the varinble
G case because the fow rates over the véar are lower and ihe pumping energy is less

Figure 7.5 shows the case for heat supply from a steam turbine CHP plant. The cost of heat production
varies significantly with temypernture with the lowest cost for ihe consiant TEC case, The difference in
coal of heot production between the constant 70 °C case and the variable temperniure case of 90°C
reductng to TO°C in swmmer is relatively small because the  higher temperatures are only required for a
small part of the vear.

Ihe Combined Cyele Gas Turbine results in Figure 7.9 are very similar to the spark-ignition g engine
cose nlthough the total cost is fower

Nerwork coFes

The network costs reduce a5 the temperature difference increnses as expected but there is gradually less
benelit above about 40°C temperature difference os the diameters are then smaller and the cost
variation with diameter §s less marked for smaller sizes (see Figore 523,

icililing fmtermal Coxir

These couts show a significant dependency on temperatires as a resull of the cost of mdiators with a
variation for example of about 023 USckWh beween a 90°CH5°C case (35°C temperature
difference) and a TOCH0°C case

Tkl casta

The spark-ignision engine case (Figure 7.1} shows that the lowest total costs are found with a constant
fow temperature of 90°C. The M°C curve o very (a1 30 the selection of an optimum refum
temperniure s not too eritical within the mnge 45°C < Tr < 83°C. There s a cout penalty i wsing sib-
oplimum temperatures such a3 70°C Dow, J0°C reum: this selection would increase costs by 0.3
USe/kWh which in the UK would represent about 8% of the final beat selling price.

For the steam turbine case (Figure 7.5) the benefit of lower heat production costs for the 70°C Now
lempenure case iwomaore than oftser by the higher radiator cost, so that the constant H°C case has a
lower tidal cost than the 70°C case. However, the lowent 1otal cost is for the variable temperanire case
(90°C reducing 1o 70°C in summer) which combines the bemefits of being able 10 detign the mdistors
and the network with peak temperatures of %0°C with the abiliy to extroct hent ug the lower
temperatured for most of the yvear. The vamation in 1otal cost with returm femperaiures i very small
within the range 45°C < Tr <&60°C,




For the COGT cases (Figures 7.9 & 7.10) the variable temperature is again preferred because the
magarity of the heat is provided from the steam wrbine alihowgh as some hean i waken from the distrce
hizatiing economier the difference between the varible temperature and the fixed remperature i
redfuced,

10,3  HKow Howses Model

Thie main difference with the row houses model t5 thid the lower hoar density means thar nerwork costs
are relatively greater and the imfluénce of this cos element is more significant. The total cost in Figures
B0 o B6 is ot a minimum o all cases for & maximum flow temperaiure of %9°C and 3 rern
iemperature of about 35°C. Again the rem emperature 18 ool critical within the range 45°C < Tr <
60°C. The cost penalty from using & constant 7T wrvperature 1% about 0.3 USokWh which m the UK
wolld represent about 8% of the final hear selling price.

10,4  Comimercial Buildings Model

This model has the highest heat density and the impact of the network costs is therefore reduced. Also,
part of the heating syslem uses ar coils which are relatively imexpensive and the varation m cost with
temperatires 15 negligible. Hence the benefit of using o 90°C peak flow temperture 5 reduced
alhough in all cases it is 88l the preferred option, 17 all of the heating sysiem used air coils then the
difference between the 20°C case and the 70°C would be negligible for a temperature differsnce of
about 35°C (see Figure 9.4,

1.5 The infacnce of climate on the optimum aperating tem peratares

The more extreme continental climate would be expected to show that meeting of peak demands by
varying the flow temperature would have a greater advantage.

Apaarimment Blovk caes

By comparing Figures 7.5 and 7.6 it can be seen that the toral heat cost is lower in Toronto than in
London principally because the cost of the network per unit of heat sold is lower. The comparison of
load factors given in Table 4.4 shows thot the load foctor for London is slightly higher than for
Toremo. Although a higher load factor imgproves the economics of CHF'EH the capital invesiment m
ihe petwork per unit of heat supplied is higher so the overall toal cost of heat in London & higher than
i1 T oot

In both cases the optimum temperatures are very similar with the variable 90°C-70°C case preferred
with 3 refurn tepiperature of 23°C. The results for the other cases are also very similar and we can
conglude thai the influence of climate on opiimum operating temperatures is very small

104 The influence of the heat density of the buildings supplied on the optimam opcrating
temiperateares.

It could be predicted that a low density scheme will mean thay network costs dominate s inceeasing
Ti-Tr will be the most important factos ot the expense of higher heat production costs. Compariuon of
the three buill form cases indicates very lintle difference between the results provided the temperature
difference is above 30°C




HLT  The benefits of reducing eperating temperaiures in relation to external air temperafure

For the steam turbine plant rediscing operting temperatures in summer i often considered worthwhile
because the increase i pumping energy s more than offset by the increase in electricity seneration
The simulation models confirm that this practice |s economic as shown in Figures 7.5 and 7.6. In each
case the variable flow femperature cose results in bower overall heat prices although the benefit is
relatively smill.

For the spark-ignition CHP the variable tempernture operation resibts in slightly higher prices as a
result of the higher pumping costs mnd no tignificont benedin s obtaived from the lower hept losses in
the network, or lower heat production coss, see Figures 7.1 wnad T2,

1.8 The differences between indireet and direet connecibon

Figures 7.3 and 74 show the results for indirect connection supplied from spark-ignivion engines.
Although the rotal cost {s slightly hgher for the Indirect case the optimum temperatures are unchanged

Inditect connection of the npannent Bocks supplied from steam furbine CHI* has alsa been modelled
for constant (low temperaturés of 70 C, 80 "C and 90 "C. The resulis given in Flgures 7.7 and 7.8
how that the 90°C flow temperature i preferred with the total costs being about 5% higher than for
direct connectien

67T
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11 Discussion

1.1 Practical Cases gnd Existing Schemes

The analvsis in this project assumes that a new CHFDH scheme is being planned and that the buildings
in each scheme are all of one type. In practice most CHP/DH schemes will involve a mix of existing
and new heating systems and both commercial buildings and residential buildings will be supplied, As
the resubs of the various cases are all very similar and the differences in 1otal com are relmively small,
provided mid-range lemperatures are assumed these will be equally applicable regardless of the mix of
building tvpe.

The varsous case studies have all been based on the premise that all of the buildings require mew
heating systems. This is useful 10 establish the long term optimum strategy for & scheme, as in the
lifetione of the central plant and district heating mains, existing heating svstems pre likely 1o need
replacement. Two other questiona remain bowever:

. If the existing buildings have a heating svstem designed for higher temperatures than the
optenum but otherwise suitable for conmectsan to distnict heating, 18 it worthwhibe replacing the
gxisting svsiems or accepling the cost penalty imposed by the current design temperatires”

Fram tapection of the resulis, we can conclude that the cost pemalty of operating an existing
building heating svstem with say a WEC flow and a 60°C retum emperniure will be muoch less
than the cost of replacing the radiators 1o permit operation at the optimum temperatures. However,
i 1o match the existing mean radiator temperatures the temperature difference s to be reduced
to less than 20°C (e.g. 90°C flow, 75°C return) then replacing the existing heating systems may be
prefernble.

4

IFthe exiuting radiators have been generously sired using & low temperature standard such as that
used in Sweden (60°CA0™C), and there is therefore no need o consider the costs of inmalling new
radiators in the cconemic analyvais, then what are the aplimum operating temperaiures?

From inspection of the Figures sbove we cnn cobclude thar in all cases the advantage of a large
temperature difference in reducing network costs still outweighs any benefits in heat production
conts, 1.8, A 90°C peak Mow remiperniure and 23°C return will still be preferable to a 70°C flow 33
" return even if the radisions can be rewained for either oplion,

1.2 General Obkervations

There has been an identifioble trend fn recent years for lower temperaures 1o be ased even with
esinhlished networks (TEA, 1996 NS) The results presented here indicate thar the optimum design
temperatisres would be 90°C flow and 2535C return for most sysiemd supplying residentinl areas

The madn reason Tor this result B that For most heat densities the network cost §s the most important
cost element and increasing the tempernlure Jifference a8 for 35 posiible leads o significant cost
savings. [T the peak temperature b limited to T0°C then the maximum temperature difference that can
be used withour increasing radintor costs is reduced, Also, when a variable Now 1emperatire sysrem i
used, the peak temperatune of 90°C only cecurs for a relatively short period of time and the sdditional
costs of heat production, even from steam wrkine CHP plant, are relatvely srmall and do not outweigh
the benefits of lower network and radiator costs,

In general. for a given flow wemperature there is very linle difference in the total heat cost bn increasing
the temperniure difference in the system by reducing retum temperatures. A <-10°C variation in retim
temperature results in less than 3% variatbon [n total heat costs. The benefits of lower heat production
costs, heat losses, pumping costs and network costs from lovwer retum temperatures are all ofTset by the
increased cost of radiator surface. In addition, achieving temperature drops of moee than 40°C can lead
ta wvery low flow rates in radiators which are difficult 1o conirel and with air-colls additional costs for
thicker tubes to sccommaodate stresses from differential expansion.




If, however, lower retiom femperatires can be oblained from existing installations without miajor capital
imvestment (eg. improved controls) then this can be cost effective and will increase the spare capacity
in the network.

From the case studies for housing presented above a reduction i peak flow temperature from the
optmmum of HEC 10 TO'C resulis ina oost increase of about 015 10 0.25 USckWh which, in the Uk,
would represent about 4% to 6% of the final heat selling price (about 4 USckWh in the residential
market]). Whether this cost difference is an accepinble price to pay for the improvements in energy
efficiency which would be achicved by using lower temperatares will need to be evaluated on a case by
cise hasis In some contexts this small penaliv in the heat selling price mav be considered worthwhile.
FHowewer if the heat price rises oo far and heat customers switch fo altemative boiler anly beating then
the more major environmental benefits of using CHP'DH will be lost

T3 Implications of allernative sources of b

In the langer term there are 2 aumber of reasons why the lowest passible operating femperatures could
be adopted. Once o temperaiure norm has been sstablished it is difficult and expensive o reduce
lemperatire levels o the building heating systems would need to be reploced 1o mainiain the design
heat output, The potential for a disirict heating scheme 1o distribute hemt from a number of alicmative
or renewable heal sources is a major pobential long term advaniage of the iechnology. Such sources ane;

® ndustrial waste heat
& sl heat

= heat pumps

= geothermal

All of these sources are more easily and economically utilised at low temperatures. Establishing a
district heating network with the potensial for fulure Bexibility of heal source Le, with a maximum flow
temiperature of 700 will in most cases carmy 8 cost penalty however the results of this research shows
that the penalty is relatively small and may be wornthwhile. In many cases the amouni of heat available
from the above sources will be limited and the heat will lse used to pre-hend the refum water before the
majority of the heéating 18 provided from the CHP or boilér plant. [n theése circumstances it is the relirrn
tempernture that is the main factor determining whether such heat sources can be utilised and as the
graphs show there is a much smaller penalty in designing for lower return lemperatures

11.4  Environmenial benefits of lower aperating temperatures

The main aim of this research has been o establish the economic optimum with respect o operating
wemperatures. Many countries are seeking 1o reduce their CO. emissions to comply with the Kyoto
agreement and given that the cost penalty in operating with |ower temperatures is relatively small it is
useful to assess how much CO, reduction benefit can be achieved from lower DH aperating
rermperatures. The approach is necessanily simplistic but a general mdication may be helpfal

it has been esmblished above that the operation of stcam turbine CHP plant s the most sensitive 1o
operating temperntures and it is in these applications that the gremest COy benefit will be found.

For the aparment block model in Lendon supplied from steam trbine CHP, at a temperature ol T0°C
constant the amount of lost electricity is abeit 23% less than for the constant M°C case [sec table 8.6).
This saving in lost electricity s elfectively a fuel saving at other power plants which, depending on the
marginal power plant on the system, will result in 2 reduction in CO. emissions.

For o single aparrment block with an annual hear demand of 1370 MWh the annual eleciricity demand
is estirnared ot 396 MWh, 11 80% of the heat is supplicd from o steam urbine CHP plant the amount of
*lost electricity” can be caloulated for rwa temperature levels 90%C50°C and TOSCH0°T asccording 1o
the z-factors in Table 6.5,

The difference in loat cleciricity berween these two cases i (0.129-0.090) x 1096 = 4] MWh. This is
about 10%s of the estimated electricity demand for the mpanment block. Hence the reduction in flow



temperature {rom a consmnr 90°C 10 constint TO'C would meduce the primary emergy and CO.
erifsshang associmed with the electricity demand of the apariment block by aboat 10%,

1.5 The use of 120FC Mow temperatares

i the advice of the Experts Group the thitist of this research project was to establish the benefits of
using lower temperatures for district heating with the maximam temperature of 90°%C. As the resubis
showed that the network cost s an important factor it b Jogical to consider whether higher flow
temperntunes than 20°C would lead 1o [ower costs as the temperature difference can be increased
furthier.  There are a number of areas where costs will increase however asa result of

sdditional costs on the network to accommodate expansion
the use of plastic pipes would nat be possible

additsonal heaf losses

ihe need to have indirect connections 1o buildings

higher heat produciton costs from stein tierbine CHP

To evaluate the various codts the model for apartment blocks in Toronio was used with heat supplied
from steam turbing CHP. The results are given in Figure 7.8 for a temperanire difference of 85°C |2
[20°C flow, 55°C retum. The flow temperatore s assumed 1o be reduced o 70°C in summer. The
network cost §s lower than the 90°C case due 10 the larger wmperature difference (we have ignored any
cost penaities from expansion provision). The radiaors are assumed 10 be desvigned for 00°C 7 S0°C,
Thie total eost of hest is almost identical to the 90°C cise but would be higher iT the additional costs for
thermal expansion provision were 1aken into nccount.

The secand case evaluated &5 for o temperature difference in the network of 23°C wihich has the benefit
of reducing the radiator ¢ost by using higher secondany' tempertures (20°C70°C his been assumed)
The total cost for this casa is slightly lower than the 90°C case however this difference would be eroded
if the network cost was 10% higher which s 10 be expected if the additional costs for thermal
EXPansion provision were tken mio account.

By comparing Figure 7.8 to Figore 7.6 #t can be scen that the benefit of direct connection i much mone
slgnificant than the differences between the temperature cases. A cost of heat of 1.4 US okWh for
direct connection at 90°C is predicted compared to 1.5 US ¢'kWh for indirect connection and 120°C.
We can therefore conchide that il direct connection is technically feasible (no pressiure incompatibilin
then a W°C remperaure will be preferable io 120°C. If indiréct connection has to be used then there is
a neglighble difference between C and 120°C and the 90°C flow temperature should be used
because of the potentinl environmental ndvantaaes




12 Sensitivity Analysis

121 Sensitivity to Economie Parameters

To calculpte o total cost of heat, the capizal costs mre apnnualised by using a discount (interest) mie and o
lifetime for the project. As the optimisation ks balaneing the benefits of lower operating costs with
higher capital costs the chobee of these factors may well determine the optimum conditi n.

The caleulations in the report have been based on o 30 vear evaluntion period and a discount mie of
1i*s which is rypical for a private sector financed scheme. As a sensitivity we have re-evalunted the
case of apanment blocks supplied from a stzam turbine plant for a 30 year evaluation period and a 3%
docount rate. The resulis are shown m Figure 111 which shows that the influence of the network
capital cost and the radiator €osts 15 misch reduwced due to the lower discount mie but that the optiomum
femperamures remain at W0°C flow, 535°C retum
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122 Sensitivity o boiler efMiciency

The assumption was made that the CHP plant would supply 80% of the energy demand and the peak
boilers 20%. The efficiency of the peak boilers was assumed 1o be §0% which is typical for fire-tube
boilers. It would be possibie o inprove the efficiency of the boiler system by using condenting heat
exchangers which would be particularky effective as the retum temperature is reduced. Whilst this 1s a
feasible proposal it is unlikely 19 be ccomomic given the relatively shont running hours of the bailers.
The effect of this has been analvsed for the case of the London apartment blocks supplied from a steam
eurbine using the varintion of boiler efficiency with retum remperature given in Table 12,1



Table 12 Varigbion i bofler efficiency withk DH return femperatnires

retum 30 40 k2] el
termperature (“C)

boiker  efficiency 2 ] B3 1]
(HHY) (%)

The resulis are shown in Figure 11.2 which indicates that there is 5 4% reduction in the operation cost

compared 1o the base case results and a pegligible effect on the 1otal cost pattern

F —_— — —
18 E .,..--""I :
e 15
iy = ‘_—.;—Jrf I
Taotal Cost
14
132
Euro cflkWh
US c/kWh '
1 — - x TI= 8070
HMetwork Cost
a8 ® e AT
: Ty, w T 60T
Operation Cost ’ it BRI g TH=10
ae L R e & .-.—l_'} 0%
-— - -iuﬁ- 3_=I" -
= - ‘_‘ .ﬁ- |
e aunumg Irtarmal E&u
o g
1 [1] 20 0 40 80 &4
Temperature ditforence (T1:Te)

Figure 12 2 - Bojler officiemcy sonsitivify ovn Steoan Jiebing CHP - Losdess Apartmert Blocis

1.3 Sensitivity to clectricity prices

If electricaty prices are relatively high, then the benefit of using lower temperatures with the sieam
mirbine CHP will be increased. By inspection of Figure 7.6 (Toronto Apartment Blocks) it can be scen
that the dilference in operating cost between the constant H°C Aow case and the 70°C fNow case would
need to be about three times larger to make the TO'C total cost the same as the %0°C case, This is
clearly mm unrealistic prospect in the foreseeable future and we can conclude thar the results are
relatively insensitive o glectricity prices.

124 Semsitivity 1o Hest Density

The selection of the cases already provides a method of illustrating how the optimum varies with heat
density, by comparing the row houses with the commercial network where the linear hent density varies
from about [.SkW/m to § kW/m. However as there are also differences in hemt demands o sensitivity
calculation has been carried out on the London apartment blecks case by doubling the heat demand ar
exch block (e.g. assuming the blocks are twice as bong so that the heat density nlso doubles.

The resubts are shown in Figure 12.3 which can be compared (o Figure 7.5, The doubling of the heat
density reduces the nfluence of the network costs but the total cost patiermn remains the same,
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13 Conclusions
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The Simulink saftware has been shown o be o viable tool to simuleie a building and its heating
svitem to predict, for each hour of o fypical vear, the fow rafes and retumn temperatures that will

occur kv a district heating svstem supplying the building.

The resuls from the Similink models were compared with field measurements and good
pgreement has been demonstrated with a relmtive error of =/= 6.2% for a adiator system and -/~
4.3% for a fan-coil system. The maximum deviation in overall heat transfer for a plate heat
exchanger was 5.5%,

Optiprivation of disieict beating operating temperatures

3,

The ¢conomic optimum design femperndures for a disinct henting scheme osing CTHP heat and
supplylng apanment blocks or row houses have been found to be 9%0°C flow and $5°C retum. This
cone hision assumes @ 20 vear economic evalusion period and a 100 discount mte

The differences in climpte between London and Toronto are nod significant enoogh to affect ithe
optimum temperature selection.

The east penalty odsing sub-optamum operting temperatures s relatively small, evpically 4% w
6% of the heat selling price if for example the Now temperature is redoced from 90°C o 707,

CHMDH systems supplicd from steam turbing plant will bemefit from the operating practice of
reducing the Mow temperature as the ambient air temperature rises and the heat demand falls, e
from a 20°C Oow temperature af peak demand o 70°C in summer

CHP/DH sywems supplied from gas-engines will not benef from lower flow temperntures in
summer as the reduction in network heat losses do not compensate for the higher cost of pumping
cibergy as a resul of 1he higher flow rages

For a given flow temperature and for temperature differences more than 30°C, the variation in total
heating supply cost for changes in retum temperature is very small, less than 3%, so for the 90°C
flow temperature, neturn temperatures in the mage 45°C o 80°C can still be considered optimal.
This is because the benefit of a lower netwark cost as a result of the larger temperature dilference
is offset by the addizional cost of lirger radiators.

For CHIVIXH schemes wsing steam turbine plant and supplying commercial buildings ot a ligh hea
dengity there may be an sdvanmage i designing for peak flow temperatures less than ®W°C,
provided a high proportion of the hesting demand is met from air heating coils rather than radistors
where the cost penalty of additional heating surface is much less.

Where existing heating syMems are 0 be connecied 1o @ mew diswicl heating svstem it will
gencrally be worthwhile retaining the radistors and operating a1 0 sub-optimum condition rather
than replacing the radiators. This conclusion is at keast valid for @ mean temperature in the existing
radiators of 75°C and below

Where existing heating svstems have already been designed for low tlemperature operation (Le. a
mein temperature of less than $5°C) it may still be worthwhile designing the CHP'DH svstem with
higher Now temperatures and a large temperature difference o minimise the network costs.

- I et is available from renewable energy or other low grade waste heat sources then there may be

additional benefis in designing with lower return femperatures 1o enable pre-heating of the retim
water (o be achieved ar low cost and maximise the contribition from thess energy sources




I3

I

The total costs for indirectly connected systems were slightly higher than for direct connection but
the same conclusions regarding temperntione optimisation are valid.

If the Now temperatre |5 increased to 120°C then indirect connection will be necessary and the
todal cost was found to be higher than the directly connected 90°C system. IF an indirectly
commectsd 90°C svitem i compared with a 120°C indirectly connecied svstem the coste are very
similar and the 9°C svwiem would be preferred because of the potential for Improved
environmentdl performance, the use of plastic carmier pipes and lower mainfenance cosis.

For the apartmient DH sysiem supplied from an extraction-condeniing steam turbine CHP plant a
reduction in operating tempersure from a constant 90°C 10 a conmant T0°C would redoce the T,
emisshons associated with the electricity supplied to the customers on the scheme by about 10%
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Appendix A - The Use of Simulink for Building Heating
Simulations



Appendix A SIMULINK Model Detail

Al SIMULINK Block Diagrams for Building Heating Svstems

SIMULINK (The Math Works Inc.) software was applied to build simulation models for the six
different types of building heating systems described in Chapter 4.

SIMULINK is built on the MATLAB numeric computation system (MATLAB, also by the Math
Works Inc., is an interactive environment for numeric computation that specialises in working
with matrices.) It is a software package for simulation of continuous and discrete dynamic
processes. The models created in SIMULINK are graphical in natural. Therefore, it is possible to
model a complex system rapidly, cleanly, intuitively, and without having to write so much as a
single line of code.

In the present study, dynamic models for plate heat exchangers, radiators, fan eoils, controliers,
control valves, buildings and row houses were pre-built in SIMULINK as subsystems in icon
form. To create a SIMULINK model (block diagram) for a building heating system, the
component icons can be dragged to the SIMULINK model worksheet and be connected as
required,

SIMULINK block diagrams for these building heating systems are presented in this section, and
the inputs and outputs of the models are described. Detailed model descriptions for the
components in the building heating systems will be deseribed in the next section, Appendix A2

A.l.1 SIMULINK Block Diagrams for Directly and Indirectly Connected 2-stage Healing
Systems for the Apartment Building

Figure A.1.]1 shows the SIMULINK block diagram for a directly-connected, 2-stage heating
system for the apartment building (c.f. Fig. 4.5 for the diagram). The indirectly-connected, 2-
stage heating system is shown in Fig. A.1.2 (c.f. Fig.4.6 for the diagram.) The inputs of these two
maodels are the same, Le.:

DH supply temperature, °C

DHW consumption (flow rate), m'/s

Cold water temperature, “C

DHW circulation inlet temperature, “C

DHW circulation water flow, m'/s

Outside temperature, "C

Internal gain, kW. The only internal gain applied to the model was due to the DHW
circulation line. Intemnal gain from lighting, occupants, ete. was neglected in this
model.

e Solar radiation, k'W/m®, used to calculate the solar gain.

A-1




These inputs can be constant or variable. If the inputs are variable, they can be computed and
stored in a MAT file in binary file mode. This was done in our modelling work. The sample time
interval can be arbitrary. If an output value is needed at a time that falls between two values in
the file, the value is automatically linearly interpolated between the appropriate values during the
simulation.

Information about:
s sizes of the heat exchangers used in the DHW and space heating systems, radiators,
controllers and control valves
» characteristics of the building (heat loss factor, south facing window area, thermal
capacities of fast response mass and slow response mass, and area/thermal mass ratio)
« set-point for the DHW temperature, room temperature, secondary side supply
temperature to the radiators, elc.
was provided to SIMULINK by executing several short MATLAB programs before the actual
simulation was executed.

SIMULINK allows retrieval of signals at any required point in time by connecting this point to a
virtual scope, to workspace, or to output files. In the present study, simulation results were
output to MAT files. The amount of data collected and the time steps at which the data was
collected were determined by block parameters. The Sample Time parameter (in To File block)
allowed the specification of a sampling interval at which to collect points. This parameter was
useful when using a variable-step solver where the interval between time steps may not be the
siame.

For the block diagram shown in Fig. A.1.1, the outputs are:

DH retum temperature, *C

DH return temperature after the post-heater for the DHW system, °C
Total district heating flow rate 1o the heating system, m/s

DH flow rate to the space heating (radiator) system, m’/s

DH retum temperature from the space heating system, °C

Total heat loss from the building, kW

- ® @ ® ® @

For the block diagram shown in Fig. A.1.2, the outputs are:

DH retum temperature, °C

DH return temperature after the post-heater for the DHW system, °C

DH return temperature from the heat exchanger for the space heating system, °C
Total district heating flow rate to the heating system, m'/s

DH flow rate to the heat exchanger for the space heating system, m'/s
Secondary side flow rate to the radiators, m'/s

Secondary side return temperature from the radiators, °C

- W O B W .



In the current study, the output data files were collected at 10-minute intervals. These data were
then averaged to generate hourly data files that could be loaded to spreadsheets for an analysis of
SVSIEm economics.

It should be noted that the effect of pipes connecting the heat exchangers and radiators were not
considered in the model. The influence of the pipes on the temperature drop and time delay is
insignificant due to relatively short pipe length. This assumption was also applied to the other
building heating system models described in this section.
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A.1.2 SIMULINK Block Diagrams for Dircctly and Indirectly Connected Parallel Heating
Systems for the Row House

Figure A.1.3 shows the SIMULINK block diagram for a directly-connecied, parallel heating
system for the row house (c.f. Fig. 4.7 for the diagram.) The SIMULINK block diagram for an
indirectly-connected, perallel heating system is shown in Fig. A.l4 (ef Fig. 4.8 for the
diagram.) The inputs of the two models are:

DH supply temperature, °C

DHW consumption (flow rate), mfs

Cold water temperature, °C

Outside temperature, *C

Solar radiation, kW/m®, used to calculate the solar gain.

- & & ® &

Information about:
» sizes of the heat exchanger for the DHW and the space heating systems, radiators,
controllers and control valves
# characteristics of the house (heat loss factor, south facing window arca, thermal
capacitics of fast response mass and slow response mass, and area’thermal mass ratio)
# set-point for the DHW temperature, room lemperature, secondary side supply
temperature to the radiators, etc.
was provided to SIMULINK by executing several short MATLAB programs before the actual
simulation was executed.

For the block diagram shown in Fig. A.1.3, the outputs are:

DH return temperature, °C

DH return temperature from the DHW system, *C

DH return temperature from the space heating (radiator) system, °C
Total district heating flow rate to the heating system, m'/s

DH flow rate to the space heating (radiator) system, m'/s

For the block diagram shown in Fig. A.1.4, the outputs are:

DH retum temperature, "C

DH return temperature from the DHW system, °C

DH retumn temperature from the heat exchanger for the space heating system, °C
Total district heating flow rate to the heating system, m'/s

DH flow rate to the heat exchanger for the space heating system, m'/s
Secondary side flow to the radiators, m'/s

Secondary side retum temperature from the mdiators, °C

& & B & ® ® &

The output data files were collected at 10-minute intervals. These data were then averaged o
generate hourly data files that could be loaded to spreadsheets for an analysis of system
CCONDMICS,
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ALY SIMULINK Block Diagrams for Directly and Indirectly Connceted Heating Systems
for the Commercial Building

Figure A.1.5 shows the SIMULINK block diagram for a directly-connected heating system for
the commercial building {c.f. Fig. A.4.9 for the diagram.) The indirecily-connected system is
shown in Fig. A.1.6 (c.f. Fig. 4.10 for the diagram.) The inputs of these two models are the same:

DH supply temperature, °C
Outside temperature, *C

Internal gain, K'W

Air flow rate 1o the fan coil, m'/s

Information about:
= sizes of the heat exchangers, the radiators, fan coils, controllers, 2-way and 3-way
control valves
= characteristics of the building (heat loss factor, south facing window area, thermal
capacitics of fast response mass and slow response mass, and arca/thermal mass ratio)
» set-point for the room temperature, outlet air temperature from the fan coil, secondary
side supply temperature (0 the radiators, ete.
was provided to SIMULINK by executing several short MATLAB programs before the actual
simulation was executed.

For the block dingram shown in Fig. A.1.5, the outputs are;

DH return temperature from the heating system, *C
Total DH flow rate to the heating system, m’/s
Flow rate to the fan coil system, m'/s

DH flow rate to the radiator system, m'/s

DH return temperature from the radiator system, °C
Total heat losses of the building, kW

For the block diagram shown in Fig. A.1.6, the outputs are:

DH return temperature from the heating system, °C

Total DH flow rate to the heating system, m’/s

DH return temperature from the radiator system, *C

Flow rate to fan coil system, m'/s

DH flow rate to the radiator system, m'/s

Secondary side flow rate in the radiator system, m’/s
Secondary side return temperature from the radiator system, *C

The output data files were collected at 10-minute intervals. These data were then averaged to
generate hourly data files that could be loaded to spreadsheets for an analysis of system
ECONOMICS.
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A.2  Dyvnamic Models for Components Used in Building Heating Systems

To perform the SIMULINK simulations of building heating systems, dynamic models of the
components that make up the heating systems were developed. These dynamic models for
buildings, radiators, fan coils, plate heat exchangers, temperature sensors, controllers, actuators
and control valves are described in detail in this section.

The simpler components such as temperature sensors, controllers and control valves were
specified directly by a simple transfer function or SIMULINK built-in block. The more complex
components such as radiators, plate heat exchangers and fan coils were developed based on
general thermodynamic relations and previous work of Grétarsson et al. (1991), Hjorthol (15990),
Hjorthol (1992) and Johnson (e.f. Volla et al. (1996)).

The outputs of models for the more complex components were verified by data obtained from a
DH heat transfer station at a school, from laboratory experiments, or verified by manufacturers’
data.

A.2.1 Dynamic Building Model

In order 1o enable accurate simulation of a complete district heating system, the building mode|
must respond to the steady-siate and dynamic effects of weather conditions and building
occupancy patterns in a realistic manner. The thermal characteristics of a building are a complex
combination of the heat transfer functions of all the components that make up the building
envelope. As a result, a high level of absolute accuracy in the heat loss factor can only be
achieved by detailed specification of the building. Since the DH system optimization studies
were based on changes to the heating svstems while keeping the building envelope constant, high
absolute accuracy in any given building model is not necessary and a number of simplifications
have been incorporated to speed up the simulation process, The primary emphasis in
development of the building model has been on incorporating all the transfer functions that may
have a significant influence on the characteristics of the various buildings that make up a typical
comimimty.

Model description

To supply the reference parameters to the model it was necessary to have a user interface that
allowed the building thermal components to be specified in a conventent, standardized format.
Many commercial programs are available to calculate the steadvy-stote loss parameters of o
building based on the dimensions and specification. A program (HOT2000) that compuies the
primary enefrgy consumption components on 8 monthly basis was used to caleulate average heat
loss factors, using regression methods.

The following heat loss and thermal mass parameters have been incorporated in the model:

1) Envelope losses, including walls, ceiling and windows. Under steady state conditions, these
losses are proportional to the difference between average inside temperature and outside
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temperature, Under transient conditions, the model accounted for the effects of thermal storage
in the mass of the building.

2) Building thermal mass. The interior building temperature is a vanable, as a function of
thermostat deadband, heating sysiem delays, night setback, etc. The temperature recovery from
night setback can impose large loads on the DH system, since the heating system will operate at
full power even if outside temperature is not particularly low. The problem will be compounded
if the primary control valve is oversized, resulting in excessive flow from the DH network and
high retumn temperature. This is exemplified in a following example. However, it should be noted
that night setback was not used in the present simulations.

Transient measurements were made in a typical Canadian wood-frame house ps the furmnace
operated at full power. It was concluded that if the effects of thermal mass in the outside walls
can be ignored, the building transient response can be approximated by two thermal time
constants in series, with air as the only heat transfer mechanism between the thermal masses and
to the outdoors. For large buildings this will have ermors, but since all buildings used in the
simulations were held at nominally steady temperatures the errors were assumed to be small. The
model incorporated a parameter related to the efficiency with which the thermal mass is coupled
to the air in the building. This feature partly compensated for the different methods by which
thermal mass is incorporated into the construction of buildings.

The transient temperature measurements and simulations are shown in Fig. A.2.1
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Fig. 4.2.1 Measured and Simulated Building Response.
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3) Ventilation losses. These losses consist of natural ventilation and/or forced ventilation.
Forced ventilation heat loss, as in the case of the commercial building is a linear function of the
temperature difference and mass flow rate. For the sake of simplicity, effects of varying humidity
levels on the specific heat capacity have been ignored. For natural ventilation heat loss, options
were included in the model to compute it as a nonlinear function of temperature difference.

If wind effects are ignored, sccording to Grimsrud et al (1981) the infiltration rate is given by:
Q= L (P, a7

where:

L = the effective leakage arca at 4_?41. (m")

P, = the stack effect parameter, (m™"C 5%)

AT = the indoor-outdoor temperature difference, (*C)

A rigorous caleulation of natural ventilation requires measurements in the building to obtain the
above parameters, or detailed knowledge of the construction methods. For simplicity in modeling
the apartment and row-house buildings, values of estimated average yearly energy loss due o
natural ventilation were calculnted using the HOT2000 commercial program and a linear factor
was added to the building heat loss coefficient. Estimates were done that indicated that this
resulted in errors of less than three percent in the load on the DH system during any hour of the
year

4) Basement losses. The below-ground component of basement heat loss 15 o quasi-stcady
function of the long-term fluctuation of ground temperature around the building. Programs are
available to calculate this, but they require detmiled specification for accurate results. The
building model has options for simulation of basement losses but since they were estimated to be
relatively small for the buildings being modeled, these options were notl incorporated.

The following building heat gains were considered in the model:

1) Building internal gains. Considerable amounts of heat are generated in buildings due to
electrical equipment, lights, etc. The actual value will vary depending on time of day and day of
the week. Standard design procedures are available to estimate the heat gain, based on definitions
of building usage. The gains were pre-computed for our model and input as hourly data files.

2) Solar gains. The south, east and west windows will transmit solar energy at certain times of
the day. The heat gain can be quite high during cold ¢lear winter days, when the altitude of the
sun is low.

The hourly solar radiation data is supplied in the form of global values on a honzontal surface.
Since the solar clevation angle is continually changing, the computation of radiation on a vertical
surface requires considerable amounts of data processing. The most efficient method is to pre-
compute the values and then use a file to drive the simulation process by multiplying the
radiation level by the window area and a transmittance factor. The transmittance factor normally
ranges between 0.7 - 0.9, depending on the type of glass and number of plazings. For the current
requirement, the radiation heat gains on the east and west surfaces were ignored.
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SIMULINK model for buildings

The simplified block diagram of the building model is shown in Fig. A.2.2, with the detailed

SIMULINK model in Fig. A.2.3.

REFERENCE PARAMETERS
1) Heat Loss Factor
2) Matwral Ventilation Loss > Surplus Low Buildi
3) High and Low Thermal Masses Power | Mass | Heat
4} Area / Thermal Mass Ralio # Logs
Mon-limoar Haal
Transfar to
Equalize
INPUT DATA FILES VmpNaee
1} Qutside Temparature
2} Solar Radiation . High
3 Intemal Gain hass
4) Power input

Buding Air
Temparature

Building Power
Demand

Fig A.2.2 Simplified Building Model.

LA TR, ST
TRATID DDEER

Fig A.2.2 SIMULINK Building Model
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A key component of the building model is the temperature equalizer between the high and low
thermal masses. The surplus power (input power minus losses) drives up the temperature of the
low thermal mass, including air, at a rapid rate until a temperature difference of about 2.0°C
between the two masses is reached. At this point the high thermal mass begins to absorb energy
at a much higher rate (typically eight imes faster), and the rate of temperature rise slows down in
proportion. The inverse effect occurs as the building cools.

L il il wil

The heating system of a school building of masonry and concrete construction was monitored for
40 days, covering periods between January 15 and March 12. DH flow and temperature
measurements were taken at five-minute intervals. The outside temperature varied from +11°C
to -24°C, and the interior building temperature varied from 19°C during weekdays to 13°C at
night and during weekends. Sunny and cloudy periods were included as were periods of full
occupancy and no occupancy, such as on weekends. From the data, estimates could be made
regarding the effects of occupancy gain, solar gain and thermal mass.

Using the measured data, the model parameters were brought into agreement with the
measurements. As shown in Fig. A.2.4, the simulation of the recovery cycle from night setback
closely tracked the measurements. After the night setback was initiated, the building heating
system “coasted” for over an hour while the stored energy was depleted, even though the outside
temperature was dropping rapidly. Following this, there was considerable error between the
simulated and measured data. From examination of the outside temperature function, it is
obvious that the building heating system controller was acting in a nonlinear fashion. The
heating system power level rose 1o a much higher level than would be required by the outside
temperaiure. This was most likely caused by a delay between the average temperature of the
building and the temperature seen by the control system sensor. A propagation delay function
can be readily incorporated in the model to simulate this effect. Ideally, the actual school control
system should use some form of derivative control to avoid the power surge.
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Fig. A.24  Measured and Simulated Building Power Demand

A2.2 Plate Radiator Model

Plate radiators were used for space heating in the building systems. The radiator model was
based on general heat transfer theory and previous work by Grétarsson (1991) and Hjorthol
(1992).

To simplify the mathematical treatment, the following assumptions were made:

- Uniform temperature in each element

- Mo heat conduction in the direction of water flow

- Mo heat conduction in the horizontal direction of the radiator plates
- MWegligible temperature gradient in the mdiator plate wall

- No fouling

Mathematical deseription of the model

The radiator is divided into a number of elements in the flow direction in the model (c.f. Fig.
A.2.5), and the energy balance for each of these elements results in a first order differential
equation. The heat transfer from the radiator to the surrounding space is by free convection and
radiation from the outside surface area,




D Room temperature
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Figure A.2.5. Diagram of a Plate Radiator.

Co T )

General energy balance equation:

. . o A ;
= fpCp (T (1-1)-T_(#) *-‘!JJITET..{H—T_."J

e (T 4T, () - RTI+ T ))
"

e

total convection heat transfer area, m*

total outside surface arca, m°

total heat capacity of radiator, J°C

specific heat capacity of water, Jkg°C (temperature dependent)
volume flow rate of water, m’/s

convection heat transfer coefficient in element i, Wim™*C
number of elements used in the radiator model

room lemperature, “C

surface temperature in element i, °C

water temperature in element i, °C

emissivity

density of water, kg/m’ (temperature dependent)
Stefan-Boltzmann constant, 5.67=10" W/m®- 'K
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The radiator surface temperature was approximated as follows:

45 T (0405 T

I (f=
-0 :

Convection heat transfer coellicient

The overall convection heat transfer coefficient hy. is the resistance summation of the convection
coefficient between the water and the inside radiator wall, the convection coefficient between the
outside surface of the radiator and the ambient air, and the resistance of the radiator plate wall.

The thermal resistance from radiator water to inside radiator wall and thermal resistance of
radiator wall are relatively small, and have been neglected in the radiator model. Empirical
relations for free convection were used to determine the outside convection factor between the
radiator wall and the ambient air in the room:

Nu = CGr" Pr"
The parameters C, m and n are empincally evaluated. The product of Grashof number (Gr) and
Prandil number (Pr) is called the Rayleigh number (Ra) which sets the transition between

laminar and turbulent air flow across the vertical radiator wall. The convection heat transfer
coefficient of element 1, h.(i), is therefore calculated by:

'k-r

J':,,|[i:-=lII —-0.10-(Gr - Pr)*™" (10" < Ra <10") Holman (1976)
it U
. k.
h_ (i) =—2—-0.59(Gr - Pr)*** (10* < Ra <10") Holman (1976)
Lo ()
s k. 0.67(Gr - P1Y™
b iy = —2— (1 4 DE; Dy (Ra<109 Zhu (1987)
Lo (1) | A2 s ssny0an
(1+( B Y )
where
ke - heat conductivity of ambient air, W/m-"C (temperature dependent)
lenali) - characteristic length (i.e. height to the top of (i)th element), m
The Grashof number is defined as:
h e
Gr = EAT DL ()
¥

where:
g - gravitational constant, m/s®
p - heat expansion coefficient, 1/°K
AT() - logarithmic mean temperature difference at element i, °C
v - kinematic viscosity, mls (temperature dependent)
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The above equations are empirical relations developed for vertical isothermal surfaces. When the
convection coefficient 15 calculated the elements below the one considered were assumed to be at
the same temperature. Grétarsson et al. (1991) investigated isolated cases for high temperature
difference across the radiator. He found that this assumption caused a maximum 10% error in the
convection coefficient.

Figure A.2.6 shows the inputs and outputs of the radiator model in SIMULINEK.

INPUTS

OUTPUTS
WATER INLET TEMP |
» e
{“}] o 1
]
‘,_' F Y WATER SUTLET TEMP,
nm'l.'::t'eup 4 ll"’ll L
1 | i — _.i|
i i | i
| e | TOTAL HEAT OUTPUT
| S89e8 | RADWTOR )
m‘mm‘llm [10=-abemant model)
{maS)

Fig A.2.6 Radiator Model Input and Output Parameters.

Model verificati

A steady-state venfication of the radiator model was performed by simulating the outlet
temperature and heat output from the radiator and comparing the results to the technical data
obtained from the manufacturer’s catalogue. Because no measurements were available for the
dynamic performance of the radiator, dynamic model verification was not carried out.

The radiator model was verified using several sizes of THOR panel radiators of the model
EURA. The manufacturer’'s catalogue included technical data needed in the simulations, such as
inlet and outlet water temperature, heat output at various inlet temperature and flow levels, size
of the radiators, heat transfer area, ctc. The THOR panel radiators are designed for 90/70°C
operation, and are produced in heights of 300, 450, 550, 650 and 850 mm with lengths between
400 to 3000 mm. The THOR panel radiators model EURA 10 (single panel without fins) with a
tength of 1000 mm and a height of 300, 450, 550, 650 and 850 mm were chosen for model
verification.

Paulsen (1991) studied the effect of the number of vertical increments on the numerical
simulation. He found that, for three very common radiator types, 10 elements are an appropriate
division. Therefore, that number of divisions was used in our simulations.

Table A.2.1 shows the simulated radiator outlet temperature (Te) and heat output (Q.), heat
output according to catalogue (Q.) and relative error between these two at various inlet
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temperature levels. The first column (temp.) shows the nominal inlet and outlet water
temperatures provided by manufacturer’s catalogue. The room temperature was constant at 20°C.

The emissivity, £, was 0.8,

Table A.2.1 Simulated Radiator Owler Temperatures and Hear Cutputs, Heat Outputs
Aecording to Manufacturer s Data and Relative Error of Heat Ouipit at Various
Inler Temperature Levels.

[ T30 mm L=1000mm | H=450 mm_ L=1000 mm mm_ L)
Temp.] Tm Qe Qo emor(%)| Tro Qe 0o emo T Do amor (%)
GO70] 70.73 445 452 2 368 | 6080 640 646 411;% 69.80 7/7 7869 104

BSTH| TH 40 452 469 362 |7500 654 BA2 0.3 TABO TEZ TTI 246
BOGO G060 354 365 301 |6007 510 S11 020 |5978 616 608 115
BOMD | 4100 238 245 2856 |4068 343 39 172 |4050 415 420 -1.18
TvsS | 5540 282 300 267 | 54594 427 419 D48 [5468 509 498 221
G040 | 4023 182 186 215 | 3981 282 261 038 |38 3T 32 1,60
5545|4507 192 185 154 | 4481 27T 272 184 |4458 335 32 436

H=650 mm__ L=1000 mm H=850 mm L=1000mm |
Temp| Tre Oc Qo emor(®e)| Tre Qc Qo emor (%)
9070|6950 015 P92 258 | 69.50 1163 1132 274
B575| 7460 834 894 447 | 7450 1187 1130 504
BOWGO | 5850 T25 YOG 269 5850 S22 4900 244
80540 | 4040 489 454 =101 [4073 628 540 172
TOMSS | 5442 588 576 0 382 5443 762 TM 0 3@
G040 | 3946 372 362 276 | 3063 476 467 193

55451 4439 3% 3N 620 |[4442 502 474 591
——————-———A

Tro i caloulated radator outiel lempenturs (Deg. G, Gc & calculated radator hoat output (W)
o (W) & rediior heat cutput scconding to manuisciure’s catalog

[t appears that the simulated radiator outlet temperatures and heat outputs are in [aurly good
agreement with the manufacturer's data, The relative emor is within £ 6.20% and the larger
errors occur at lower supply temperatures. The error may result from the simplification of the
model and the empirical expression of the convection heat transfer coefficients, The results
indicate that the radiator model] gives acceptable accuracy.

THOR plate radiators with a height of 0.E5m were used in the simulations. The radiator heat
transfer area was enlarged simply by increasing its length.

A.23 Fan Coil Model

The fan coil, also called ventilation air coil, model was based on previous work done by Hjorthol
(1992) and Johnson et al. {c.f. Volla et al. (1996)). A 3-cell model using basic energy equations
was used in the CHESS program, c.f. Hjorthel (1992) and Volla et al. (1998), to simulate the fan
coil. Johnson, at the University of Saskatchewan (U of 8), validated the CHESS model by
comparing its results to a steady state model developed at U of S. The sieady state model was
verified by measured data and showed that the uncertainties of the simulation were less than 5%.
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The U of § model calculates the input values required in the CHESS model, such as air side heat
transfer area, air volume, fin volume, tube volume, ete., for a given fan coil based on its detailed
geometric data. The CHESS maodel and the steady state model have a good agreement if correct
input values are introduced, otherwise errors up to 30% can occur in the overall heat transfer
coefficient, see Part 11 of Rolla et al. (19%6)

In the present study, the mathematical descnption of the model was based on peneral enerpy
balance equations for water, tube wall/fin and air for each element. The input data to the model,
such as air side heat transfer area, air volume, fin volume, tube volume, collar resistance, wall
resistance, air side heat transfer coefficient and fin coefficient, were calculated using the U of §

simulation program.

Figure A.2.7 shows the diagram of a 4-row, 4-pass [an coil which was used in the commer
building heating systems. Three cells were used in the fan coil length direction. Since the tube
has four passes, there is a total of 12 elements in the mode]

| = L./ =
Air Gl Al In
- £ £
2 (v = e = 5
e ' L
L W . .f"_'

L !

Water In Water Qut

Fig. A.2.7 Diagram of a 4-Row, 4-Pass Fan Coil.

The following assumptions were made to simplify the model descriptions:

¢ Uniform temperature in each ¢lement
s No heat conduction in the water or air flow direction

» No fouling




Mathematical description of the model

General energy balance equation for water:

&p Cp T
2

= fup Cp (T (i-1)=T_(i})
= hb ""- I.Tb.l' {i} - T: “H

General energy balance equation for air:

a(p.Cr.FaTu (D)
of

= f.p.Cp (T ()-T, ()
—h, AT =T

General energy balance for tube wall and fin:

Xo VT _y 4.,

A =T
+ i, AT, (O -=T,(0)

where Ty (i) and Ty e (i) are the inlet and outlet air temperature at element i, and

7 (= UL
() 4 T e L)
.

T ()= Tom

The water side heat transfer area for each element was calculated by:

4 = LN,
n

where:

D, = tube inner diameter, m

Ly = total tube length, m

N, = total number of straight tubes per row (in vertical direction)

n = pumber of elements used in the model

The volume of water in each element is given by:

ZDLN,
o

[
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As mentioned previously, the air side heat transfer area A, and air volume of each element V,
were calculated by the U of § model.

Heat transfer coeflici

The water side heat transfer coeflicient was calculated from a typical dimensionless convection
heat transfer equation:

Nut= -——"’;ﬂ' = CRe" Pr*

T

The Reynolds number is flow and temperature dependent while the Pr number is temperature
dependent. The constant parameters C, m and n were empirically evaluated,

The air side effective heat transfer coefficient, including fin collar and fin wall, is calculated by:

l
_h_’ _{Rm'ﬂar +Rm1'-l"ﬂ + ;I-‘rnﬁ-

The resistance of the collar Resne and the wall Ry, and fin efficiency np. can be calculated by
the steady state model. The heat transfer coefticient of the air side hy; was approximated from
the equation below:

=k L}"

J-H'.l"-{
fl.ﬂ-

M

(e

where:

furnom = air flow rate corresponding to the nominal air side heat transfer coefficient, m*/s

f, = actual air flow rate, m®/s

haisnom = 8ir side heat transfer coefficient at nominal air flow rate, W/m® °C. It can be caleulated
by the U of S model.

m = exponent correlating the change in heat transfer coefficient with the change in air flow
rate.
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Figure A.2.8 shows the input-output parameters of the fan coil model.

INPUTS
OUTPUTS
WATER :'.IéIETTEHF I
AR OUTLET TEMP.
o |
WATER FLOW _...'_} )
3] C{‘],— 3
[ : ] ] g - WATER OUTLET TP
il e
AR PLOW — “I .
e FAN COIL - [ ] |
it MGDEL HEAT OUTFLT FROL
AR LET TEMP FAM COL
o o

Fig. A.2.8 Fan Coil Model fnpur-Chapur Parameters.

Muadel Verification
The verification of the fan coil model was carried out by comparing the results from the

SIMULINK model and the U of S steady state model. As stated by Johnson (see Volla et al,
{(1996)), the uncertainties of the steady stale model were less than 5%.

A 4-row, 4-pass fan coil (see Fig. A.2.7 for the diagram) with 7 tubes per row was simulated by
the SIMULINK model and the U of S model. The following equations were applied in the fan
coil model to caleulate the water side heat transfer coefficient:

Nu = 0.023Re*™ pp®¥ (Re = 4200)
Nu =186 Re™™ pr*¥ (Re < 4200)

The first equation was used for fully developed turbulent flow. As pointed out in Incropera
(1994), this equation is easily applied, however emors as large as 25% may result from its use.
Such errors may be reduced to less than 10% through the use of more recent, but generally more
complex cormrelations, such as the correlation proposed by Gniclinski (1976). The Gnielinski
form was adopted in the U of § steady state model. A comparison of these two equations was
made, and it was found that the difference in Musselt number was less than [5% at high
Reynolds numbers (Re>20,000) and within 25% at lower Reynolds numbers. For the present
study, however, the simple form shown above was deemed satisfactory.

The nominal air flow rate in the fan coil was assumed to be 1.5 m'/s. By varying the air flow
rate, the corresponding air side heat transfer coefficient was obtained from the U of S5 model.
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Then the exponent, m, was evaluated. It was found that the average exponent value for the
simulated fan coil was 0.7, Le:

.Ilr..| ]I:l'
.Jru.-n.w

Table A.2.2 shows the air and water outlet temperatures simulated by the SIMULINK model and
the U of § model. The deviation of heat output shown in the table was calculated by:

er, = Jrﬂ__, el |

T R oo
Dq_"l.'].'_[ffuﬂ l:':!.*.;.:l L o i [ SPL{T (DY J-.-'IIII' af 5} -1 nn {f.llir s“i:.:l
Ta.w-:ru.r.:-:- "B ?.:.-
; Tu awd | AAATINE Y Tu- i {1 5} '
Deviation (%) = : - *100 {Water Side)
"r-_r- =4 (a5

Table 4.2.2 Comparison of Simulation Results of the SIMULINK and U of § Model.

Inlet Temp. Air Outlet Temp. Water Qutlet Temp. | Dewviation
(*C)) (°C) (=C) , (%)
(T./Twy | Uof§ | SIMULINK | UofS | SIMULINK | AirSide | Water Side

.35 7 80 4227 19.44 60,02 58.69 166 6.66
~ 35770 | 3484 | 313 51,79 5065 | -3.69 6.26

-I5780 | 5029 | 4862 61.87 62.84 -2.56 639

15770 | 4287 4137 55.60 5472 | -2.59 6.11

0780 | 35585 54.80 66.63 6582 | -1.3% 6.06

0770 | 4843 47.51 58.33 5'1._135_'[_-1‘;@ ;:'s'_a N

L 2 . .. .. 7. .~/

o770 | STS3 | Si30 | @MU | 95 | -T50 | 566

* Alr flow £,=1.5 m'/s, Water flow 1,=0.0017 m'/s
Flow Rate Air Qutlet T":mp. Water Qutlet Temp. Deviation

(m'/s ) (*C) (°C) (%2)

(f,/fsy | Uofs | SIMULINK | Uofs | SIMULINK | AlrSide | Water Side
1.50/0.00255 | 4526 | 4370 60.06 59.41 25 | 654
1.50/0.00085 | 3624 | 3497 4400 | 4279 248 | 465
2.35/0.0017 33.04 33.41 51.66 | s0.16 | 0.77 | B.18

07500017 | 5585 5205 61.50 60,65 4.09 7.29
2.25/0.00253 35.38 3633 57.13 | 56.00 D88 | B6.78 |
0. 75/0. 00085 5207 | 49.08 53.70 | 58.07 446 | 564 |
0 38/0.00043 50.51 | 55.5% 3242 | sL.16 | 531 717

® Air inlet temperatura T,=-15"C, Water inlet temperature T,=70°C
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The comparison shows that the deviation between the two models was within £5.31% on the air
side and below 9% on the water side. The errors result mainly from the simple heat transfer
coefficient correlation used in the SIMULINK model. However, the errors are within the range
of acceptability. The results are accurate enough for the case studies of this project.

il atinn

Fan coils are available in many different configurations and corresponding simulation models
must be constructed for each case. A small residential size coil was purchased and a SIMULINE
model developed to match its characteristics. The coil was also instrumented and installed in a
wind tunnel to determine its heat transfer characteristics under different operating conditions.
The water flow arrangement was as simple as possible, with one continuous path.

The coil parameters are:

Overall dimensions 038 x038m
Number of rows 2

MNumber of tubes per row 10

Number of water flow circuits 1

A simple diagram of the coil 15 shown in Fig. A.2.9. The interconnection of the cells is shown in
Fig. A.2.10.

As a result of the single water flow circuit with staggered tubes, there will be a lateral gradient in
the air stream as it goes through the coil. This gradient has an impact on the temperature of the
air approaching the second row of tubes. The equivalent inlet air temperature on a second row
tube will be a weighted function of the exit air temperatures of the first row tubes above and
below it as well as the ambient air temperature coming directly between the first row tubes. In
our fan coil model, the first row wbe exit temperatures were weighted at 20% each, with the
ambient air weighted at 60%.

Each straight tube section is one cell or computational element in the model. This leads to the use
of 20 elements in the model, which may be more than is required for acceptable accuracy. Since
the water flow alternates between the front and back rows, an advantage of the single tube cell is
that the interaction between the front and back row is easier to compute. If it were found
necessary to speed up the simulation by reducing the number of elements, this model can be used
as & reference to check the accuracy of the simplified model.

The heat transfer characters of the air side of the coil were based on the U of S model, c.f. Volla
et al. {1996), and these parameters were incorporated into the SIMULINK model.
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Fig A.210 Interconnection of Elements in Fan Coil Model.
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In order to establish the relative magnitude of the various thermal impedances in the model, it
was operated ot the following conditions:

Airflow velocity 1.0 m's
Inlet air temperature 2000
Water flow rate 0.06+107 m'/s

Inlet water temperature 50°C

The heat ransfer parameters in the model were computed in Element 10 to give an indication of
the average conditions in the model. There are four thermal impedance components:

Location Thermal Impedance %a of Total
Liquid side 0.0171 *C/W 15.6 %
Collar resistance 0.00642 “"CAW 5.9%
Tube wall resistance 7.0 % 107 Crw 0.06 %

Air side, incl. fin efficiency 0.0859 *C/W 78.4 %

The largest compenent of thermal impedance was on the air side. The tube wall resistance was
negligible in this design, but this parameter was included in the model.

With the same temperature conditions of 30°C and 20°C for the inlet water and air temperature,
computations were done using both the manufacturer’s design software and the SIMULINK
model. Both the water and air flow rales were varied over a range of about three to one. The
results are shown in Fig. A.2.11. At the higher values of air flow velocity, the two results are in
close agreement, with errors of less than 6%. At the lowest air flow rate the maximum errors are
about 9%. The exponent that controls the variation of air side heat transfer coefficient in the
SIMULINK model was set to 0.6, A shightly higher value of this exponent would reduce the
errors at low air velocities.

i L T T

44F10—8 MNUFDATA |- =css=-sr-srsressmassmenamnannns -
B——8  MANUF DATA

l‘ o

3.6

g3-.47-:

Water Flow (m™/s*107%)
Fig. A 211 Comparison of Simulation and Manufacturer® Data.
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A wind tunnel type duct was constructed to maich the dimensions of the coil. The fan was
located on the suction side of the coil, two metres downstream. A 30 cm section of duct was
located on the intake side of the coil.

Air Flow Measurements

A vane anemometer was calibrated 10 an accuracy of 4.0%. The inlet air stream was measured at
a plane 15 cm into the inlet duct. Nine points were sampled in three rows, Blockage corrections
were applied. The area covered by the measurements was about 53% of the duct area, The
averaged flow velocity in the corners of the duct was within 12% of the centre velocity for the
higher flow, and within 16%: for the low flows.

Temperature Measurements

The water inlet/outlet temperatures were taken with platinum RTDs, matched to 0.1°C, using
four-wire measurements. The air temperature was measured with type T thermocouples. These
were checked against an RTD at 25°C and agreed within 0.2°C, A single thermocouple was
located in the centre of the inlet duct and an array of five thermocouples was located 30 cm
downstream of the coil.

Test Conditions and Measurement Results

Adrflow velocity l.1te 1.5 m's

Inlet air temperature 29°C

Water flow rate 0.043+107 to 0.061#107 m"s
Inlet water temperature 62°C

Since the inlet air and water temperaiures could drift by about half a degree during the course of
the experiment, it was difficult to establish when transients had become negligible after a change
in water flow rate. To verify this, a second set of measurements was made at the same nominal
operating points, with the water flow rate being changed in the opposite direction.

The results are shown in Fig. A.2.12, where the errors in the measurements are compared o the
manufacturer's data. Results of simulations at the same operating points are also shown.

The measured values were low by 5.5 10 7.0%. There is a systematic error, most likely due to
errors in air velocity measurements. The average of the exit air temperatures was within one
degree of the manufacturer’s value.

The results of the SIMULINK model were typically within 1,0% of the manufacturer’s data, with
one value at 2.9% error.
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A.24 Plate Heat Exchanger Model
Plate heat exchangers were used for the DHW heating, and for separating the district heating
waler from the radiator circulation water in the indirectly connected space heating systems. The

heat exchanger consists of a series of parallel plates. Figure A.2.13 shows a diagram of the plate
heat exchanger.

hot water
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Bp b
Lo =t
element “'-'C-.
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i Hg
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cold water

5

N

bp

Fig. A.2.13 Diagram of a Plate Heat Exchanger
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The model was based on general thermodynamic principles and previous work done by
Gummérus (1990) and Hjorthol (1990). The assumptions used to simplify the mathematical
description of the model were the same as those applied by Hjorthal (1990).

Iathematical descriptio

General energy balance equation of the hot water side for element i:

P CP eV el e (1)
&

= [ PieCP i N (1 = 1) =T, (1))
I hj.-"'!h [Th,.“} = ;r; {IT.I

General energy balance equation of the cold water side for element i:

E}{ ‘jrll'{:l -f':rhj:.- {‘!}]
i 3

= [P P T I+ D) =T (D)
=h AT LD =T ()

General energy balance equation of the plate wall for element i:

b o . .
é"{p.fl'ﬂér EAUS My (T (D) =T, (D) + b A, (T, o (D) =T, (8))

where:

0= n_{f-xi.ur_,m

ro (= T T4

-

Tlur.n

The symbals used in the above equations are shown in the nomenclature.
The heat transfer area of the hot water side and cold water side in each element is calculated by:

BpHaSNp

A-'P-P:"II!J.'I- =
i

The volume of the hot water and cold water in each element is determined by:

v <y, = DS,
2n
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The volume of the plate wall in each element is calculated by:

y _ BelieNs

y "
where n is the number of elements used in the model, 5, is the plate wall thickness and S is the
plate shape factor.
Heat transfer epefficient

The heat transfer coefficients of the hot water side (hew) and of the cold water side (h.,) are
calculated from the typical dimensionless heat transfer equation:

kD
Nu=-—=—=CRe" Pr’
Ae

The parameters C, m and n are empincally evaluated. As stated in Slinder et al. (1983), it is
impossible to give specific, accurate equations due to the great varation in plate performance.

Figure A.2.14 shows the inputs and outputs of the plate heat exchanger model in SIMULINK,

INFUTS OUTPUTS
HOT SIDE WLET TEMP. —_—
=] >
] — —
105 =
S o COLD SIDE %TI.ET TEW
L
] ——;E——m
FLOWN {COLDY st ]
{m3a] o PLATE HEAT EXCHANGER =
COLD SIDE BLET TEMP.
o

Fig. A.2.14 Plate heat Exchanger Input-Output Parameters,

Madel Verification

Hjorthol (1990) has performed dynamic model verifications for a plate heat exchanger model
similar to the one used in this report. He compared the simulations and measurements on an Alfa
Laval heat exchanger (type CBH25 with 20 plates), Hjorthol (1990) found that the average
temperature deviation was 2.1% on the cold side and was 0.5% on the hot water side, The
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parameters used for calculating the heat transfer coefficient in the simulation were 0.47, 0.63 and
0.39 for C, m and n respectively.

In the current study, Alfa Laval plate heat exchangers, type CB25 (similar to the one studied by
Hjorthol (1990)), were used in the building heating systems of the apartment building and the
row=house. Alfa Laval plate heat exchangers, type M6-FG, were used in the commercial building
heating systems.

Static simulation results were compared to the data supplied by the manufacturer. Table A.2.3.
shows the heat exchanger outlet temperatures and the overall heat transfer coefficients (“LIA™)
obtained from the manufacturer (“A.L.") and from the simulation (“Simu™). The deviations of
the outlet temperatures and “UA" are also shown in Table A.2.3. As stated previously, the
parameters C, m and n used in the dimensionless heat transfer equation were empirically
evaluated. The parameter values depend on the geometry of the plate. In the current simulations
of type CB25 plate heat exchangers, values of C=0.46, m=0.63 and n=0.39 were used. Slightly
different values were applied for type M6-FG (i.e. C=0.44, m=0.63 and n=0.39). Five elements
were used in the model.

Tahle A.2.3 Comparison of Heat Exchanger Outlet Temperatures and Overall Hear Transfer
Coefficients (UA) Provided by the Manufacturer (A L) and the Simulation {Simu).

Flow Hot Side Temp. Cold Side Temp. UA
(l's) (*C) {("C) {WrC)
Outlet Devi. Outlet { Drevi. Devi,

Hot/Cold | Inlet | ALLL [ Simu | (%) | Inlet | AL [ Simu | (%) | AL. | Simu | (36)
CH2S (2-pass) |
0.257035 |
(25 plates) 70 | 50.50 | 50.40 | -0.51 | 45 | 64.50 | 64.56 | 0.31 | 6295 | 6463 | 2.67
0.1470.14
(25 plates) 70 | 49.47 | 49.55 | 039 | 45 | 65.53 | 6541 | -0.58 | 4517 | 4479 | -0.85
0.04 7 0.04
(25 plates) 70 | 3926|3939 | 042 | 35 | 6574 | 65.56 | -0.59 | 2055 | 1981 | -3.59
[ ME-FG (1-pass)
6.2577.19
(62 plates) 80 | 5480 | 5455 ) 099 | 50 | 6990|7036 | 23] | 90850 | 94330 | 4.40
4157517
(43 plates) 80 | 5480 | S4.47| 131 | 50 | 70.00 | 70.43 | 2.15 | 60280 | 63620 | 5,54

It appears from Table A.2.3 that the manufacturer’s data and the SIMULINK predictions are
comparable. The maximum temperature deviation was 1.31% on the hot side and 2.31% on the
cold side. The maximum deviation in the overall heat transfer coefficient was 5.54%. This may
result from the simplification of the model and lack of accurate geometry data of the heat
exchangers.
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A.25 Temperature Sensor Model

The temperature sensors can be modeled in many different ways. In Hjorthol (1990), three
alternative solutions for modeling temperature sensors are given. The first is a model which only
uses the sensor time constant; the second is a model which uses both time constant and pure time
delay of the sensor; and the third is a discretized model which continuously calculates both the
sensor time constant and the time delay. The third method can fit the process curve exactly, but
requires exact knowledge of sensor geometry which is not always known. The second method
gives satisfactory results and is especially applicable for sensors installed in sensor pockets
where time delay is more pronounced. It was found that the first method with a fixed time
constant describes the sensor performance in an accepiable manner, especially for thin sensors
where the time delay is relatively small.

The first method was adopted in this study. The Transfer Function block in SIMULINK was
applied directly to model the temperature sensor. The time constant of the temperature sensor
was defined in the parameter “denominator™.

A6 Controller Model

Controllers consist of mathematical transformations of signals which will be fed to actuators.
Input signals to a controller are induced by temperature sensors in the temperature control
system. The control algorithms are of various types. In DH heat transfer stations Pl or PID
controllers are very common. Proportional controllers are also found in practice.

Although there is a standard block for a PID controller in SIMULINK, in this study proportional
controllers were selected to regulate the flow rate in the bullding heating systems.
A2.7T Actuator Model

The actuator is the engine which actually moves the control valve plug. The actuator speed and
direction are determined by the control signal from the controller and the actuator dead band.

The SIMULINK “Rate Limiter” block was directly applied to model the actuator performance.
The actuator dead band was not considered in the model.

A28 Control Valve Model (2-port)

A control valve is the component governing the flow rate through a heat exchanger, radiator, etc.
The characteristic of the valve fi(z) presents the manner that volume flow through the valves
varies with stem position, and is defined by:

<
@) =7=
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Where f is volume flow rate through the control valve and fmu is the volume flow rate when
valve is fully open.

The volume flow rate through the valve can be calculated by:

=K AP E
f=K_1.(2) 7~

where:

K = volume flow rate through fully open valve at 20°C and | bar, m'/h
AP, = pressure difference over the valve, bar

pe = density of water at 20°C, kg/m"

P = density of water at actual temperature, kg/m’

In the present study, it was assumed that all the control valves have a quadratic characteristic,
e

1 1

s=(1-=)2 + =

F(z)={ R} R

where

R = control ratio of the valve, i.e, the ratio between the maximum and minimum

controllable flow rate at 1bar and 20°C.

z = yalve position (0 = fully closed, 1 = fully open).

By assuming a constant density and a relatively high valve control ratio, the volume flow rate
through the control valve then was simplified to the following expression:

f =K, AP,z

It was also assumed that the pressure difference AP, was constant, In physical systems, this is
achieved by installing a pressure-difference regulator across the control valve.

A.2.% Three-way Control Valve Model

The heating systems for the commercial building have a senial connection of the return water
flow from the radiator system to the ventilabion air heating coil (fan coil system). A three-way
control valve is used in this serial connection. The flow in the fan coil system is regulated by a
controller with the ventilation outlet air temperature as a control parameter. The three-way
control valve model is based on previous work of Volla et al. (1996). Figure A.2.15 shows a
detailed diagram of the three-way valve connection.
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Fig A.2.15 Three-way Valve Connection for the Radiator System and the Fan Coil System in
Commercial Building Heating Sysiem. From Volla et al. {1996).

There are three operational modes for the fan coil heating system:

1. Serial connection of radiator system and fan coil system, where all of the water to the
fan coil is supplied by the three-way mixing valve.

2. Mixed serial and parallel connection, where the water 1o the fan coil system is
supplied by both the two-way and three-way valves. This occurs when the water from
the radiator system alone is no longer sufficient to heat the ventilation air to the
required temperature,

3. Parallel connection of radiator and fan coil system, where the total water to the fan
coil system is supplied by the DH water. The retum water from the radiator system
bypasses the fan coil circuit.

Referring to Figure A.2.15, it was assumed that in operation modes | and 2, flow 7 in the fan coil
circuit is determined by the circulation pump. It was also assumed that this flow was constant
(ftas_c=). In operation mode 3, the flow through the two-way valve fg has displaced flow 5, and the
system works as a parallel connection. A further in¢rease in flow 6 results in increase of flow 7,
flow 8 and flow 9.

The flow through the three-way valve was defined by:

ALY PInE A {(mode | and mode 2)
fi=0 (mode 3, f; >f,, )
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The flow (f3) through the control port of the three-way valve was calculated by:
fi=f, (&),

where £ 3.um(2) is defined by the valve position and valve characteristic,

The flow (L) through the bypass port of the three-way valve was determined by:
Li=fi=J

The flow through the fan coil f; was given by:
Li=fi+h

where flow 6 was determined by the 2-way control valve characteristic and its position.

Flow 3 was cither a bypass of the superfluous radiator flow (positive) or added 10 flow 2
(negative):

h=f-1

The flow retumed from the fan coil svstem was:

fi=f=J

The total flow retern to the network was denved from:

fi=h+h

As stated by Volla et al. (1996), the 3-way valve model can simulate the flow in the senal and
parallel modes, as well as in the transition mode. However, the simplified approach to descnbe
the changing pressure conditions in mixed mode operation may result in a small deviation
between the calculated and observed valve position. For the current study, this simple model
was deemed satisfactory.

A2 LD Summary

The dynamic models for buildings, radiators, fan coils, plate heat exchangers, temperature
sensors, controllers, actuators and control valves have been described in this section. Detailed
model verifications have been camied out for buildings, radiators, fan coils and plate heat

exchangers.

The outputs of the building model were compared to the data obtained from a DH heat transfer
station at a school. The simulated power is in fairly good agreement with the measured one.
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THOR plate radiators were selected to verify the radiator model. The simulated radiator outlet
temperatures and heat outputs were compared with data obtained from the manufacturer's
catalogue. The relative error was within £6.2%. The results indicate that the radiator model gives
acceptable accuracy.

The verification of the fan coil model was carried out by companing the outlet temperatures from
the SIMULINK model and from the steady state model developed by the University of
Saskatchewan. The comparison shows that for a 4-row, 4-pass fan coil, the deviation between the
two models was within £5.3% on the air side and below 9% on the water side. The errors result
mainly from the simple heat transfer coefficient correlation used in the SIMULINK model.

Laboratory tests were carried out for a small residential size fan coil. The heat outputs obtained
from the measurements and the SIMULINK model were compared to those caleulated by the
manufacturer's steady state model. The results show that the measured values were 5.5 1o 7%
lower than the manufacturer's data. These were most likely due to errors in air velocity
measurements.

The plate heat exchanger model was verified by comparing the outlet temperatures from the
SIMULINK model to the outlet temperatures obtained from an Alfa Laval heat exchanger. The
comparisons show that the maximum temperature deviation was 1.3% on the hot side and 2.3%
on the cold side. The maximum deviation in the overall heat transfer coefficient was below 5.5%
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MNomenclature

Aa

[ ] L]

air side heat transfer area

heat transfer area of the cold water side in plate heat exchanger
heat transfer area of the hot water side in plate heat exchanger
radiator convection heal transfer arca

radiator outside surface arca

water side heat transfer area

widih of plates in plate heat exchanger

constant used in the dimensionless heat transfer equations
specific heat capacity of air

specific heat capacity of tube wall/plate wall

specific heat capacity of water

total heat capacity of the radiator

equivalent diameter

tube inner diameter

volumetric flow rate

actual air How rate

nominal air flow rate

cold water flow rate in plate heat exchanger

hot water flow rate in plate heat exchanger

valve characteristic

volumetric flow rate of water

gravitational constant

Grashof number

heat transfer coefficient at air side

air side heat transfer coefTicient at actual air flow rate

air side heat transfer coefficient at nominal air fow rate
radiator convection heat transfer coefficient

heat tronsier coefficient at cold water side

heat transfer coefficient at hot water side

heat transfer coefficient at water side

height of the plates in plate heat exchanger

thermal conductivity of ambient air

volume flow rate through fully epen valve at 20°C and 1 bar
effective leakage arca

characteristic length of radiator

total tube length of fan coil

exponent used in the dimensionless heat transfer equations
exponent used in the dimensionless heat transfer equations
number of ¢lements

number of plates in plate heat exchanger

total number of straight tubes per row of fan coils

Nusselt number

Prandt] number

stack parameter

building infiltration rate
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m

m
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PAPPP

AT
AT

control ratio of the valve, i.e. the ratio between the maximum
and minimum controllable flow rate at 1 bar and 20°C

Ravleigh number

thermal resistance of fan coil collar
Reynolds number

thermal resistance of the tube wall

shape factor of the plates in plate heat exchanger

air temperature

cold side water temperature

hot side water temperature

room temperatisre

radiator surface temperature
temperature of tube wall/plate wall
water temperature

volume of air

volume of hot water in plate heat exchanger
volume of cold water in plate heat exchanger
volume of tube wall/plate wall
volume of water

valve position

thermal expansion coefficient
distance between plates

thickness of plates

emissivity

fan coil fin efficiency

thermal conductivity of water
kinematic viscosity

density of water at 20°C

density of water at actual temperature
density of air

density of tube wall/plate wall
density of water

Stefan-Boltzmann constant

pressure difference over valve

indoor-outdoor temperature difference in the building model

logarithmic mean temperature difference,
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