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Abstract

Three space heating systems (floor heating wiflerdifit floor covering resistances, radiator heatifth
different working temperatures, warm-air heatinghwvand without heat recovery) were compared using a
natural gas fired condensing boiler as the heatso&or the floor heating systems, the effectoof covering
resistance on the whole system performance wedgstusing two heat sources; a natural gas firedeasing
boiler and an air-source heat pump. The heatingyswere also compared in terms of auxiliary exesg for

pumps and fans.

The low temperature floor heating system perforimeiter than other systems in terms of exergy deniEimel
use of boiler as a heat source for a low-exergyrfleating system creates a mismatch in the exsenggly and

demand. Although an air-source heat pump couldtmttar heat source, this depends on the origiheof



electricity supplied to the heat pump. The cosfifitiof performance (COP) of the heat pump hagiaalrvalue
(2.57 in this study); it is beneficial to use atamp instead of a boiler only when the COP isvalibis critical

value.

The floor covering resistance should be kept tdramum, in order not to hinder the performancehs tloor
heating and the whole system. The exergy inputixdiary components plays a significant role in theerall
exergy performance of systems, and its effectstbeaaven more significant for low temperature hegtin

systems.
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1. Introduction

The choice of space heating system (terminal hedt source, etc.) in buildings has important ¢ffea energy
and exergy demands, occupant thermal comfort, arglaial environment. Although heating load caltiales
and energy-wise analyses are necessary for systeemsioning, they are not sufficient since enengglgses
cannot quantitatively clarify the effects of worlitemperature levels. Several studies have docehénht
energy analyses alone are not sufficient to corajyleinderstand energy use [1], [2], [3]. Exergylgsia can be
used for this purpose. Exergy has a wide applinatoge in engineering systems, including heatingling,
ventilation systems and built environment [4], [B], [7], [8]. Recently, exergy analysis has ais@n used to
evaluate the operation and control of heating,ilaitn and air conditioning (HVAC) systems in Hiifigs [9],

[10], [11].

Gongalves et al. [12] compared energy and exerggmeances of eight space heating alternativesmunde
different climatic conditions. Zhou and Gong [18]died the whole chain of exergy flows for a builgliheating
and cooling system by hourly varying the referestege. Balta et al. [14], Lohani [15], and Lohand&chmidt
[16] studied different heat sources for buildingtireg applications. Zmeureanu and Wu [17] studiedenergy
and exergy performance of residential heating syst&chmidt [18] compared different heat sourcesherat
emission systems (radiator and floor heating), @ tluded that the floor heating system perforrosecto
ideal conditions (real exergetic demand of the xoReis is mainly due to the low temperature hestin
possibility of water-based radiant floor heatingteyns. Kilkis [19] studied the possibilities of pling radiant
floors to air-source heat pumps, and showed thaipidssible to eliminate the supplementary bailens! this

coupling can increase the coefficient of perfornea(@@OP) of heat pumps.

The surface covering of a radiant floor heatingesyscould be a subjective choice due to interigigieof
spaces, and this could have important effects epénformance of the floor heating system, anchenthole

space heating system. Simmonds et al. [20], antdrBahd Farhanieh [21] studied the effects of floavering



on radiant floors. After a parametric study, Satad Farhanieh [21] concluded that the type amuktiess of

the floor covering are the most important paransetethe design of radiant heating systems.

This study compares the exergy performance ofrdiffiespace heating systems, using a single-faroigé as a
case study. The house was considered to be cametitiwith different space heating systems and tbeggx
performances of these systems were compared. Bhensy were floor heating with different floor caner
resistances, radiator heating with different wogkiemperatures, warm-air heating with and withaaath
recovery. These systems were also compared in @rmsxiliary exergy used for pumps and fans. Tedative

benefits of applying heat recovery in the ventilatsystem were also studied.

For the floor heating systems, the effects of flomvering resistance on the whole system performaras

studied, and two heat sources were compared; aahghs fired condensing boiler and an air-souszd pump.

2. Description of the case studies and determinatidheokey parameters

2.1.Construction details and description of the house

The house considered in this study was a detacmedstory, single-family house with a floor ared@6f2 nf
and a conditioned volume of 213.riThe house was located in Denmark. It was contgtdutom wooden
elements. The house was insulated with a combimai@00 mm mineral wool and 80 mm compressed stone

wool fibers.

Inside the house, there was a single space conghiifiierent functions. The glazing facades werdlpahaded
by the roof overhangs. The largest glazing facaae eviented to the North with a 19° turn towards\ttest.
Fig. 1 shows the exterior and interior views of tloeise. The surface areas and thermal propertite of

envelope are given in Table 1.



Fig. 1. Exterior (seen from South-West) and interior vieWthe house

Table 1.Thermal properties of the envelope

North South East West Floor Ceiling
Walls, Area, [m’] - - 37.2 19.3 66.2 53
Walls, U-value, [W/nPK] - - 0.09 0.09 0.09 0.09
Windows, Area, [n¥] 36.7 21.8 - - - 0.74
Windows, U-value, [W/nfK]  1.04 1.04 - - - 1.04

2.2.Detalils of the heating, cooling, and ventilatiostsyns in the house

The sensible heating and cooling of the housedeliethe low temperature heating and high temperatu
cooling principle by the hydronic radiant floor. 8Hoor heating system was a dry radiant systemsisting of
a piping grid installed in the wooden layer. Théadle of the floor system were: chipboard elementt)
aluminum heat conducting profiles (thickness 0.3 amd length 0.17 m), PE-X pipe, 17x2.0 mm. Pipeispa
was 0.2 m. The available floor area for the embédgiilee system installation was 45, which is 68% of the

total floor area. Fig. 2 shows the details of tlerf structure.
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Fig. 2.a) Floor covering b) Pipe, 17x2.0 mm c) Heat distiion plate, 0.3 mm, d) Under-floor plate, 22 mm




The heat source and sink of the house for spadsbemd cooling was outdoor air, using a reveesdit-to-
brine heat pump. The minimum and maximum coolingac#ies and the nominal power input in the cooling
mode were 4.01, 7.1, and 2.95 kW, respectively. Mmmum and maximum heating capacities and the

nominal power input in the heating mode were 47085, and 2.83 kW, respectively.

A flat-plate heat exchanger was installed betwberhiydronic radiant system of the house and thodirine
heat pump. The pipes between the heat exchangehamgat pump were filled with an anti-freeze nnigt

(40% ethylene glycol) to avoid frost damage duriigter.

A mixing station which linked the radiant systenthwthe heat source and sink, and the controll¢nefadiant
system controlled the flow and the supply tempeeato the radiant system. The operation of thearadiystem
was based on the operative temperature set-pa@intvdes adjusted on a room thermostat and on tagve|

humidity inside the house to avoid condensatiomdusummer.

The house was ventilated mechanically by an aidlragnunit (AHU), by which only the fresh air takémo the
house was heated or cooled since the main sefibting and cooling terminal was the radiant systems
also made it possible to have lower air flow rat@®pared to a system where space heating and gaslin

mainly obtained by an air system [22]. The designtiation rate was 0.5 ach [23].

There were two options for heat recovery in the Aldlde was obtained by means of a cross-flow heat
exchanger with the heat recovery efficiency of 8s#nsible heat) and with a by-pass route. The othsr
achieved by means of a reversible air-to-water peatp that was coupled to the domestic hot watd¢. tBhe
former is the passive and the latter is the adteat recovery, respectively. The AHU could suppbgli air at a
flow rate of up to 320 fth (1.5 ach) at 100 Pa. Further details of the ammepts and the system can be found in

[24], [25], [26].



2.3.Determination of the design heating load

The dimensioning of the systems in the house wasdan the design outdoor condition, which in Detkg
an outdoor air temperature of -12°C [27], thougthm theoretical analyses in this paper the outteraperature
was taken to be -5°C, which is a more typical witgenperature. Previous experiments comparing the

performance of different heating systems in a rdwaih also assumed an outdoor temperature of -5°C [28
For all cases, the indoor temperature was congderbe 20°C (air temperature and mean radianteestyre).

The calculations were carried out under steadg standitions. No solar heat gains were considdrieed.
internal heat gain was considered to be constah#@W/nf, which represents two persons at 1.2 met and
other household equipment. For the given heat exgaafficiency in the AHU, the supply air temperatafter
the heat recovery was 16.3°C. The parameters ndbe ioad calculations and the resulting spacértekads

are given in Table 2.

Table 2.Parameters used in the load calculations and megsipace heating loads

Indoor temperature [°C] 20
Outdoor temperature [°C] -5
Internal heat gain [W/m?] 4.5
Ventilation rate [ach] 0.5
Infiltration rate [ach] 0.2
Heating load — envelope (no ventilation), total [Whnd 2048 /30.9

per floor area [W/m?]

Heating load — envelope and heat recovery ventilatn, 2180/32.9
total [W] and per floor area [W/m?*

*: The difference between the two space heatingdas due to the fresh air being supplied at 16\8i8 a ventilation rate

of 0.5 ach. This contributes to the space heatiad,|hence the higher space heating load in trendemase.



2.4.Determination of the key parameters

Following the calculation of the space heating Jahd parameters of the different space heatirgegies
necessary for the present exergy analyses werardeéal. It was assumed that the heating demartkedfiduse
was addressed with different heating systems; theating, radiator heating, and warm-air heatifge T

following assumptions were made during the calourhat

= |n the actual house there was a heat exchangeeépttlie radiant system and the heat pump, butdor t
calculations this heat exchanger was neglectedt avats assumed that the water in the embedded pipes
circulated directly through the boiler or the consler of the heat pump. The same assumption agplied
the radiator heating cases.

= The supply air was 100% outdoor air (no recircol@tj and the indoor air was assumed to be fully
mixed.

= The active heat recovery was not considered andkh¢ was considered to be working in the passive
heat recovery mode, as described in 2.2.

= |t was assumed that there was no heat loss frordiieheating system, radiators, pipes and ducts t

the outdoors.

The schematic drawings of the analyzed heatingmystre given in Fig. 3.
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Fig. 3. Schematic drawings of the analyzed heating systejridoor heating b) Radiator heating c) Warmhaating without heat

recovery d) Warm-air heating with heat recovery

2.4.1. Floor heating with different floor covering resistas

The effect of the floor covering resistance onwiwle system performance of floor heating was suidtirough
different floor covering resistances. The therneaistances considered were 0.GKMV, 0.09 nfK/W (actual

value), and 0.15 fK/W, following the most common values given in resfive standards [29]. The same floor



covering material was used (thermal conductivit§.i3 W/mK, wooden floor covering), but with 0.0065
0.012 m and 0.0195 m thickness, respectively. Boh eesistance value, a new water supply temperatas

calculated.

The load calculations showed that a specific hatui of 48.4 W/rfrfloor heating area with an average floor
surface temperature of 24.7°C was required to theetecessary space heating demand. The heat anibut
surface temperatures were calculated according®ognd [30]. The surface temperatures of the flaating
systems were the same for all cases, and this etésvad by adjusting the supply and return tempegatto the
floor heating system. For all cases, the tempegattwp between the supply and return water inddent
system was 4 K. The mass flow rate was calculatsddon EN 1264-3:2009 [31] and was found to be

469 kg/h. A summary of the floor heating casedvemin Table 3.

Table 3.Summary of the floor heating cases

Case name Floor covering resistance Supply Return Heat pump
[m2K/W] temperature [°C] temperature [°C] COP [-]
FH_LoRes 0.05 33 29 2.63
FH_MRes 0.09 35.8 31.8 2.48
FH_HiRes 0.15 39.8 35.8 2.31

2.4.2. Radiator heating with different working temperature

The assumed radiator type was a double panelrsiiator with extended surface (fins) [32]. Foutssaf
working temperatures were assumed according to A3 6-2:2014 [33]: 45/35, 55/45, 70/55, and 90/70

(supply/return water temperature in °C).

The required flow rates in the radiators were deileed according to the space heating load ancethpérature

difference between the supply and return water &satpres to and from the radiator.
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The average surface temperatures of the radiatns assumed to be 0.3°C lower than the simple geeralue
of inlet and outlet water temperatures. This valas determined so that not only the energy balhotalso the

entropy and exergy balance equations were satisfadnle 4 summarizes the radiator heating cases.

Table 4.Summary of the radiator heating cases

Case name Supply t?mperature Return tfmperature Surface toemperature Mass flow rate [kg/h]
[°C] [°C] [°C]
R_45 45 35 39.7 188
R_55 55 45 49.7 188
R_70 70 55 62.2 125
R 90 90 70 79.7 94

2.4.3. Warm-air heating with and without heat recovery

In addition to the water-based heating systemsjrapased heating system was also analyzed anddses,

without and with a heat recovery device, as shaowrig. 3 ¢) and d), were studied.

The supply air temperature to the space was limde5°C [27]. The necessary heating rate needeukiiaging
the outdoor air at -5°C to the supply air tempearanf 35°C was 5460 W when there was no heat regpaad
it decreased to 2559 W with heat recovery. The seug heat was supplied to the air by an air-hg il
which was connected to a boiler. The supply anatnetvater temperatures to the air-heating coil vi&¥C and

39°C, respectively [32].

The necessary air flow rate (1.9 ach) and the Wkerrates in the air-heating coil are given irblea5 together

with a summary of the warm-air heating cases.

Table 5.Summary of the warm-air heating cases

Case name Intake air Air temperature Supply air Air flow rate Mass flow rate in air-
temperature [°C] after HR [°C] temperature [°C] [m3h] heating coil [kg/h]
WAH_NoHR -5 - 35 410 428
WAH_HR -5 16.3 35 410 201

11



2.4.4. Fan and pump powers

The power to be supplied to fans and pumps thatileite the heat transfer medium in pipes or insluets

determined as follows.

For the floor heating and radiator heating casegas assumed that there is a pump which circuthtesater
between the boiler or heat pump and the floor lGmsradiators. Additionally, two identical fansifgly and
exhaust) were considered in the AHU. For the waimh@ating cases, a pump, which circulates the wate
between the boiler and the air-heating coil, wasiaed. For the case without heat recovery, onlypalg fan
providing the necessary air flow to the indoors wssumed, while for the case with heat recovery,itientical

fans were assumed.

The pump power for different cases was obtainewh fitte pump specifications (performance curve of the
installed pump) as a function of the water floverahd the required pressure increase, assumimuthp

actually installed in the house.

The measurements from the house were used to dbtafan powers. The measurements from the house
showed that the AHU was using 67.9 W with a vetititarate of 0.5 ach (105 %h) [26], which corresponds to
a total specific fan power (SFP) of 2331 Jfor two fans, and for one fan it corresponds t66L4/ni. This SFP

value is in SFP 3 category according to EN 1377®J34].

Assuming that the fans for the warm-air heatingesase also in SFP 3 category (1200°)J/the fan powers

were calculated as a function of the air-flow rates

Table 6 summarizes the pump and fan powers foerdifft cases.

12



Table 6.Summary of the pump and fan powers for differerating cases

Epump [W] E fans [VV] E total [VV]

FH_LoRes, FH_MRes, FH_HiRes 27.5 67.9 95.4
R_45, R_55 24.5 67.9 92.4

R_70 23 67.9 90.9

R_90 22 67.9 89.9
WAH_NoHR 27 136.5 163.5
WAH_HR 25 273 298

2.4.5. Heat and power generation

For the first part of the analyses, it was assuthatithe heat generation for space heating faraasiés was
through a natural gas fired condensing boiler waiitefficiency of 90% [5], [35]. The ratio of cheraiexergy to

the higher heating value of natural gas was takeh @8 [5].

In the second part of the analyses, it was asstina¢dhe floor heating was coupled to an air-toenaeat
pump. The COP of the heat pump was obtained frenmiinufacturer's datasheets as a function of ttaoou
air temperature and the temperature of the wadwirlg the condenser (assumed equal to the suppér wa

temperature to the floor loops).

It was assumed that the electricity provided tohteat pump, pumps, and fans was generated in aeenatural
gas fired power plant. The conversion efficiencthatpower plant, transmission and distributioncefhcies

combined was assumed to be 0.35 [5].

3. Basic definitions of exergy and calculation metHody

3.1.Basic definitions

For any system in consideration, it is possiblelitain the exergy balance equation from energyestichpy

balance equations. In general form, exergy balagoation is obtained as follows [5]:

The energy and entropy balance equations for armsyate

13



[Energy input] = [Energy stored] + [Energy output] Q)
[Entropy input] + [Entropy generated] = [Entropy stored] + [Entropy output] (2

In its general form, exergy = energy — entropy,.- Therefore it is possible to obtain the exergyhaé equation

as Eq. (1) — Eq. (2) -oT
[Exergy input] — [Exergy consumed] = [Exergy stored] + [Exergy output] 3

Where [Exergy consumed] = [Entropy generated),-ahd Tis the environmental (reference) temperature [K],

where the system and its components are situatdthastorage terms in Egs. (1), (2), and (3) gisap under

steady-state conditions.

Egs. (1), (2), and (3) indicate that every systemsames a part of the supplied exergy and in trenmikile

entropy is generated. This applies for heatinga@uding systems in buildings as well.
3.2.Heating exergy load

The heating exergy load [1] is the necessary lbatithe heating system has to address. It is dbfine
T,
Xheating = Qheating 1- T_z 4)

Where X eatingiS the heating exergy load [W]hgxingiS the space heating load [W], i§ outdoor

(environmental) temperature [K], angli$ the operative temperature [K].

3.3.Exergy supplied to indoors

The exergy supplied to the indoor space from fleemting, from radiators, and from warm air are giveEgs.

(5), (6), and (7), respectively:

14



To

XFH,out = Qheating 1- TSFH) %)
To
XR,out = Qheating (1 - TSR) (6)
Tsa
AXWAH,out = VsaCaPa {(Tsa - Ti) — Ty, 1n T_L} (7)

Where X outis the exergy supplied from floor heating to theédor space [W], § pnis the average
temperature of the heated floor surface [Kg, gtis the exergy supplied from radiator to the indspace [W],
Ts ris the average surface temperature of the radiipAXwaH,out is the net exergy supplied through warm
air to the indoor space (the difference in the gxdiows between the supply air and the indoor [&f), V g5is
the volumetric flow rate of supply air fiis], ¢ is the specific heat capacity of air [J/kgi},is the density of air

[kg/m?], and Tg,is the temperature of the supply air [K].

Exergy consumed in the indoor space is the diffaxdretween the exergy supplied indoors and thénigeat

exergy load.
3.4.Exergy consumption in the floor, radiator, air-fegtcoil, and heat recovery device

The exergy consumptions in the floor structure iarttie radiator are possible to obtain from thergxdalance

for these terminal units as
AXW —X: = Xout (8)
AXw = Xw,supply - Xw,return (9)

WhereAXy is the difference between the rate of exergy efdimpply and return water (net exergy input) [W],

Xw,supplyiS the exergy of the supply water flow (into thaof or radiator) [W], X%, returnis the exergy of the

15



return water flow (from the floor or radiator) [W{,. is the exergy consumption rate within the termumat

[W], and Xyt is the exergy supplied to indoors from the termimat [W], given by Eq. (5) for floor heating and

by Eq. (6) for radiator heating, respectively. E&$.and (9) apply both for floor heating and raalidneating.

The exergy of the supply and return water flowscaleulated as
Tw
Xw = Wwewpw {(Tw - To) —ToIn T_o} (10)

Where X, is the exergy of the water flow [W],is the volumetric flow rate of water f¥fs], Gy is the specific

heat capacity of water [J/kgKdy, is the density of water [kgAh and T, is the temperature of water [K].

The exergy consumption in the air-heating coihie AHU is obtained as

AX,, — X, = AX, (12)
AXy, = Xw,supply — Xw,return (12)
AX, = Xa,out - Xa,in (13)

Where Xy supplyiS the exergy of the water entering the air-heatioil (from boiler) [W], Xy returnis the exergy
of the water leaving the air-heating coil (to boilgV], X4 outis the exergy of the air leaving the air-heatiog c

[W], and X in is the exergy of the air entering the air-heatio) [W]. The exergy of the water is calculated

using Eg. (10). The exergy of the air is calculaisthg the following Eq. (14).
Ty
Xa = VaCapa {(Ta = To) =T, In72] (14)

Where X is the exergy of the air flow [W], Ms the volumetric flow rate of air [ffs], and R is the temperature

of the air flow [K].

16



The exergy consumption in the heat recovery uridbtsined through the exergy balance equationgséinthe

heat recovery device:

Xoutdoor air + Xexhaust air — Xc Xinlet air + Xdischarge air (15)

Where Xutdoor airlS the exergy of the intake air from outdoors (B®], X exhaust aifiS the exergy of the exhaust

air (from the indoor space) [W],iet air is the exergy of the inlet air (supply air for fieor heating and

radiator heating cases, and the air entering tHeegiting coil in the warm-air heating case withatrecovery)

[W], and Xjischarge aifS the exergy of the discharge air (discardedhéoenvironment after the heat recovery)

[W]. Eq. (14) is used for calculatingodidoor air Xexhaust air Xinlet air Xdischarge air

In addition to the exergy consumption due to heatsfer in the heat recovery device, the dischaagealso
contains a certain amount of exergy. This exerdgtally consumed while the discharged air is catgly

discarded into the environment.
3.5.Exergy input to the boiler and the power plant

The exergy input to the boiler is calculated udtug (16).

_ Qboiler
Xin,boiler - ) r (16)
Nboiler

Where X, hoiler iS the exergy input by natural gas to the boM#f, [Qpoiler is the rate of heat to be provided by
the boiler [W],npoiler is the boiler efficiency, and r is the ratio okchical exergy to higher heating value of

natural gas. giler is 2180 W for the floor heating and radiator hegttases as described in 2.3, while for

warm-air heating cases without and with heat reggyeis 5460 W and 2559 W, respectively, as desdtin

2.4.3.

17



For the floor heating cases when a heat pump wet asthe heat source, the exergy input requirdtegtower

plant was calculated as follows:

_ Qheating
Enp == 05 (17)
_ Enp
Xin,power plant — nror r (18)

Where Eyp is power (electricity) input to the heat pump [WZ[OP is the coefficient of performancey Yower

plantiS the exergy input to the power plant throughuratgas [W]nror is the total efficiency including

conversion efficiency of the power plant, distribatand transmission efficiencies of the grid.

Exergy input required at the power plant for thenpuand fans are calculated using Eq. (18) by repeate

Enp with respective pump power {fnp and fan power (&n9-

4. Results and discussion

4.1.Comparison of different space heating systems

The exergy inputs, outputs, and consumptions fierdint system components are shown in Fig. 4. Tlhae of
exergy flows from the exergy input to the boilethe environment are shown in Fig. 5. The exergyaioed
by natural gas is supplied to the boiler at a 02253 W, and the exergy output from the boilethi® water
circulating in the floor is 300 W (FH_HiRes). Thigference between the input and output exergyesetkergy
consumption in the boiler (due to combustion arftbested gas through the chimney). The same resiijpn

between input, output and consumption appliestal&dher components.

18
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Fig. 5.Exergy flows for different heating strategies: &df heating b) Radiator heating ¢) Warm-air hegtin

The heating exergy load [1] (input to the “Building Fig. 5) consists of the heat loss from thelding
envelope (transmission loss) and the heat reqtirbdng the fresh air at 16.3°C to the indoor terapure of
20°C, therefore the heating exergy loads are theedar the floor heating and radiator heating c$86 W). In

the warm-air heating case, this load is differd4(6 W) since the supply air has to be warmer tharindoor

air.

Exergy consumption in the indoor space varies different heating strategies. For the floor heatinges the
exergy consumption in the space is 31.2 W, andghlse smallest among all cases. This is becaubhe dow
temperature heating possibility and the low surtacaeperature of the floor. For the radiator caiesexergy
consumption in the indoor space increases witlinttreasing average water temperature. Among the fou
radiator cases, the smallest exergy consumptitimeiindoor space is 125.5 W for R_45. Exergy comnion in
the indoor space with the warm-air heating is 48,3vhich is between the values of floor heating 23%/) and
radiator cases (125.5 W). Nonetheless, it shoulddbed that this is only in the indoor space anesdwot

consider the rest of the systems.
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For different floor covering resistances, the egaxgming into the floor structure (heat emittedhe indoor
space) is the same but the exergy is different.ii¢treased floor covering resistance results ihéigverage
water temperature to obtain the same floor surfaicgerature to provide the necessary space hedtiigy.
inevitably results in increased exergy supply td eansumption within the floor structure. Compa@the low
resistance case, in which 41 W is consumed, thegygx@nsumption increased by 42% and almost doubled

the cases with mid- and high floor covering resists, respectively.

The exergy consumption within the radiators way wenall, ranging from 1.2 W to 1.7 W, (0.2% to 0.6%net
thermal exergy input to the radiators). This sreaétrgy consumption was mainly due to the assumeddcsu

temperature (due to the high conductivity of mafsrused for constructing radiators) of the radgato

Fig. 5 shows that the largest exergy consumptidgherterminal units (the air-heating coil for waain-heating
cases) occurred for the warm-air heating casesappkcation of heat recovery on the exhaust aiulted in a
significant decrease in the exergy consumptioniwite air-heating coil, from 479.6 W to 137 W, aase with
heat recovery the air temperature should be ineteliem 16.3°C to 35°C in the air-heating coil cameal to no
heat recovery where the air temperature shoulddreased from -5°C to 35°C. This is also refledtetthe

necessary energy and exergy inputs to the boiler.

The floor heating and radiator cases require theedael (exergy) input to the boiler (2253 W) white
required fuel input is the largest for the warm¥eeating without heat recovery (5642 W), followgdthe case

with warm-air heating with heat recovery (2645 W).

The results show that the floor heating systemireguhe smallest exergy input to provide the sapzee
heating. Higher floor covering resistance hindbesgerformance of the floor heating system. Whenpaoing
the cases with the lowest and highest floor cogerisistances, the exergy consumption in the Stoicture

doubles and the required exergy input to the fitiarcture increases by 16% with a higher floor cione
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resistance. This underlines the importance of kegthie floor covering resistance to a minimum tigitou

selection of floor covering material and thicknesully benefit from a low temperature heatingteys.

The radiator and warm-air heating cases have rehbrkigher exergy demand compared to floor heating
cases. The floor heating system with the highestrftovering resistance and the radiator with Id®vaesrage
water temperature require relatively close exengyis (300 W and 313 W, respectively) althoughflibwr
heating system still requires lower exergy inpundhg the investigated cases, the floor heatingopmdd

better than other space heating systems, in tefmegjoired exergy input, and exergy consumption.

Regarding the exergy inputs to the heating plaictm be observed that the use of a boiler doeallwot taking
advantage of the low exergy demand of the radlaat heating system. The largest exergy consumption
through the whole space heating process occulgihdiler and this is mainly due to the combustioitess

inside the boiler.

Due to this mismatch of supply (high) and demand/(lexergy levels, an air-source heat pump wasnasguo

replace the condensing boiler to be the focusearfadhowing analyses.

4.2.Comparison of the effects of different floowedng resistances on heat pump performance

The exergy flows for the whole process of spacdilgasing a heat pump is shown in Fig. 6.
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Fig. 6. Exergy flows for the floor structures with diféet floor covering resistances

Fig. 6 shows that in order to obtain the same shaating effect, higher electricity input is reqdrto the heat
pump with increased floor covering resistance. Timsns that a higher exergy input is necessahetpower
plant where the electricity is generated. Thisesysbehavior is because a higher floor coveringtasce
requires higher average water temperature forltlog heating system, which leads to a higher cosiden

temperature for the heat pump, decreasing thepumap performance (lowering the COP), as given inld 8.

When the overall exergy inputs to the boiler anthtopower plant are compared, the results showttibause of
a heat pump instead of a boiler is beneficial avityen the floor covering resistance is kept to aimmim
(FH_LoRes). For FH_MRes and FH_HiRes, the usebdfil@r is a better choice, as far as the presesgare

concerned. These results indicate that furtheriderations are necessary regarding different hmatss.

The results suggest that the improved COP and Exvoor covering resistance has similar effectshen

whole system performance, i.e. improvement withsthmae thickness (or material) is comparable to an

improvement in the heat pump COP.
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The results also show that the increased floor iogeesistance has a similar effect on the heatilagt (water-
side of the radiant floor heating system) to ameéase in heating load, although the space heataditself is in
fact constant; to obtain the same space heatiegteffigher electricity input is required to thahpump, and

14% higher exergy input is necessary to the povet ffor FH_HiRes compared to FH_LoRes.

4.3.The effects of the heat source

The comparison of the boiler and the heat pump slddiat there is a critical COP value (2.57 forpghesent
calculations) for a heat pump, and the COP shoeillgrbater than this value for the heat pump toemeficial
over the boiler. This finding agrees with Kilkisg[&hat it is crucial to consider and account fue source of the

electricity used for the heat pump (generation tpfarel input to the plant, distance to the utiliaa site, etc.).

In order to achieve a higher system performaneeiniprovement could be either on the power plaighgr
conversion efficiency, on-site generated renewaldetricity, etc.) or on the performance of thethmanp;
increased COP through a better heat pump, by @sheat pump which is coupled to another heat spsuch
as ground, lake water, sea water, etc. Recentest{fsli, [36] showed that an air-source heat pungs amt
benefit from any heat source (ambient air doecantain any exergy as opposed to other heat soarksinks
which contain exergy), and it is basically a maehim separate the exergy (electricity) into coa aarm

exergy.

In order to make a true use of the sustainableggnesources (ground, lake, sea, etc.), the fitstity is to
minimize the heating and cooling demands of thé&dmg. Such minimization would allow the use ofradd
range of heat sources and sinks. With a high hgatial cooling demand, the exergy demand necessarily
becomes higher and it narrows the range of heatss@and sinks that can be used so the use of{emgpeones

becomes limited and the use of mid- to high-exeytent resources becomes inevitable.
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Depending on the geographical availability, biomassther sustainable fuels could be used in a&hdilo

sustain such an operation, a prerequisite is teedse the heating (or cooling) demand of the lmgldis much

as possible.

4.4 Auxiliary energy input, and heat recovery ia tHU

In addition to the thermal exergy analyses, thea$f of electricity inputs to pumps and fans onvthele

exergy consumption patterns were also consideitesl r@sults are presented in Fig. 7.
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Fig. 7. Required exergy inputs to the pump, fans and t@tveer plant (four bars in each case indicate, figftrto right, the exergy

input to pump, to fans, their total, and the exeargut to the power plant)

The floor heating cases require the largest pumpavger due to the smallest temperature drop betdeen
supply and return water flows among the investiaeses. When taking the pumping power into accoloat
overall performances of the floor heating case Withhighest floor covering resistance, FH_HiRes, the
radiator with the lowest average water temperafrd5, became close although the floor heating stise

requires 5 W lower exergy input (300 and 313 Wrarexergy, and 253.5 and 245.5 W exergy for aamili
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components for FH_HiRes and R_45, respectivelydiffierence of 5 W might not seem significant frane t
energy viewpoint (thermal energy load is in theeorof 1¢ to 1G) but from the exergy viewpoint, it is
significant. Considering radiative exergy emissima absorption, magnitudes of mW (in the orderdd tan
make a difference in the perception of the themnaironment [5], therefore a difference of 5 W @xeis not

negligible and presents an advantage over thetaadialution.

The results also show that an air-based heatingrayequires large fan powers, resulting in a ferthecrease
of the energy and exergy performance. This is mdiatause larger flow rates and volumes are redjtire
transport the same amount of heat with air comptaredater-based systems and this emphasizes antadea

of water-based heating and cooling systems overagied systems.

In the current study and in actual house desigh [28], the indoor space was mainly heated andecbby the
radiant floor heating and cooling system and thdilsion system was only used to provide the nesqli
amount of fresh air. When considering the pumpfandcconsumptions together with the thermal exeryes

presented previously in 4.1, this approach proeduttan efficient approach.

The analyses showed that to fully benefit fromltve-exergy potential of low temperature heating aigh
temperature cooling systems, the dimensioning@gtixiliary components (fans, pumps, valves, dasyed
so forth) should be carried out carefully. It isa®al to minimize the exergy demand of these corepts)
especially for systems with a low temperature déffice between the supply and return flows. Thishes
clearer in terms of exergy: for the floor heatisges, the energy supplied to the pump is 1.3%eofidiat
provided from the floor to the indoor space while exergy input to the pump is 12.7% of the exasrgyplied
from the floor to the indoor space (27.5 W pump eows. 2180 W space heating load and 217.2 W exergy

supplied from the floor to the indoor space, retipely).

There is a trade-off between the exergy gain vightteat recovery unit and the electricity necelyssupplied

to the additional exhaust fan (also the extra fangy needed to cover the additional pressure dr@epending
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on the local climate, ventilation rate and alsdtmnefficiency of the heat recovery unit, it miglat always be
beneficial to have heat recovery. If the exergywirtp the fan exceeds the exergy recovered fronexhaust air,
this indicates that there is a threshold for whiahheat recovery is beneficidlhis issue should be carefully

considered before applying heat recovery on veittiiasystems.

When considering the warm-air heating cases withadtwith heat recovery, extra exergy input foralded
exhaust fan is the crucial parameter to considemvdvaluating the benefits of heat recovery. Theexergy
input required at the power plant for the additidaa in the case of warm-air heating with heabkexy is
357.4 W which is significantly less than the saegdrgy input to the boiler due to the applicatibheat

recovery (2998 W), therefore the application oftlreaovery is justified for this case.

During the heat recovery from the exhaust airgtkergy consumption in the heat recovery unit isitable.
Due to heat transfer between air streams, thexeeigyy consumption in the heat recovery unit aesd dle to
the efficiency being less than 100% (exergy is ssaely consumed even if the 100% energy-wiseieffixy is
possible), it is not possible to fully recover thermal exergy from the exhaust air. A certain amad air with
exergy is being discarded into the environment dlfte heat recovery, and hence it is lost. Thisuamof
exergy would vary in different locations: in theepent case of Denmark, due to low outdoor temperathas

higher exergy compared to another location withild olimate.

The exergy consumption in the heat recovery umitife warm-air heating case is 37.2 W (40.6 W iditig the
exergy of the discharge air), and for the floortimgpand radiator cases is 9.6 W (10.5 W includhmgexergy of

the discharge air).

4.5.0Overall discussion

Although the heat losses from the distribution andssion systems were not considered in this stugk,

losses should be minimized for high energy- andgxeiise performance of heating systems.
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The choice of the terminal unit has a direct agdificant effect on the thermal comfort of occumarithe
radiant low temperature heating and high tempegataoling systems (floor, ceiling, and wall heatong
cooling) perform better than other room conditigngystems in terms of providing a thermally conebhe
indoor environment due to their advantages of miiziimg the risk of unpleasant air movement, andrefiing a

uniform thermal indoor environment [37], [38].

Heat source and terminal unit selection would ddpmmnthe available products, costs, location otahiéding
(connection to a district heating network, reguliasi regarding use of the ground, etc.), additignplessure
drops would also change depending on the pipinglday Pressure drops will affect the necessaryginm
powers. Given the overall possibilities and limdat of system selection, to achieve exergy-efficje the
system and all its components should be considesedwhole from the beginning of the design prodess
crucial to minimize the demand of the buildingsthiould enable to use a broad range of heat so(goasnd,
lake, etc. especially those to be found in oura@indings), among the available heat sources, tls mo
environmentally friendly and sustainable heat sewtwould be chosen to meet the exergy demand of the

building.

5. Conclusion

Exergy performances of different space heatingesyst(floor heating, radiator heating, and warnhaating)
were compared in this study. In addition to therie exergy, these systems were also comparednis tef
auxiliary exergy used for pumps and fans. The ikaddienefits of applying heat recovery on the \latitin

system were also studied.

For the floor heating systems, the effects of flowvering resistance on the whole system performaras

studied, and two heat sources were compared; sahgas fired condensing boiler and an air-souezd pump.

The main conclusions from the analyses are asWsllo
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1.

5.

Among the investigated cases, the floor heatintesy$iad the lowest exergy consumption and it
performed better than other space heating systetesms of required exergy input, and exergy
consumption.

Coupling of a natural gas fired condensing boilghwhe floor heating system is not an efficient
strategy due to the mismatch of the exergy suppdiydeemand. Therefore it does not allow taking
advantage of the low exergy demand of the radlaat heating system.

Using a heat pump instead of a boiler as the loeate could provide a better match for the low gyer
demand of the floor heating system, but therecistewal COP value and only above this COP valus it
beneficial to use a heat pump instead of a bdtlés.also crucial to account for the source otwleity
supplied to the heat pump (e.g. generated at ategtinssil fuel power plant or at a nearby renewabl
energy plant).

Subijective choices on floor covering have signiitoaffects on the performance of the floor heating
system and on the whole system. Higher floor congrésistance hinders the performance of the whole
system. When comparing the cases with the lowashighest floor covering resistances, the exergy
consumption in the floor structure doubles andréapiired exergy input to the floor structure incesa
by 16% with a higher floor covering resistance.sltmieans that to obtain the same space heating, effec
higher electricity input is required to the heairnmy) and 14% higher exergy input is necessary to the
power plant where the electricity is generated.

In order not to hinder the performance of a radéystem (floor heating, floor cooling, ceiling cimg

and so forth), the covering resistance should Ip¢ tkea minimum, providing that structural and
maintenance (e.g. wear and tear on floor coveriogsgerns can be met and that the occupants are
aesthetically satisfied.

The present analyses showed that the water-bastshsyrequire lower auxiliary energy use than the
air-based heating system. This is a clear benifitater-based systems over air-based systems.lljjo fu

benefit from the low-exergy heating potential of thw temperature heating systems, the dimensioning
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and choice of the auxiliary components should bderarefully and this is clearly explained with the
exergy analyses.

6. For a heat recovery unit to be beneficial, therttedrexergy gained from the heat recovery (from the
exhaust air) must be greater than the exergy sgfithe exhaust fan, and this analysis should be
carried out before deciding on the applicationedittrecovery. In the current analyses the appticadf
heat recovery proved to be beneficial: the extex@xinput required at the power plant for the
additional fan in the case of warm-air heating Viigtat recovery was 357.4 W which is significantly

smaller than the reduced exergy input to the bdilerto the application of heat recovery (2998 W).
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Highlights

= Exergy performances of different space heating systems were compared.

= Floor heating had lower exergy demand and consumption compared to other systems.

= Using aboiler with floor heating creates a mismatch in exergy supply and demand.

= Thesource of eectricity to a heat pump should be considered when comparing it with aboiler.

=  Floor covering resistance should be minimized to fully benefit from low temperature heating.





