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Abstract

The whole chains of exergy flows for different daglsystems were compared. The effects of coolamahd
(internal vs. external solar shading), space cgatiethod (floor cooling vs. air cooling with veatibn system),
and the availability of a nearby natural heat gintake air for the ventilation system being outdaiv vs. air
from the crawl-space, and air-to-water heat pummraund heat exchanger as cooling source) onrayskxergy

performance were investigated.

It is crucial to minimize the cooling demand beaaitss possible to use a wide range of heat igksund,
lake, sea-water, etc.) and indoor terminal unitdy vith a minimized demand. The water-based flomoling

system performed better than the air-based coslsgem; when an air-to-water heat pump was usétkas



cooling source, the required exergy input was 28%lker for the floor cooling system. The auxiliaayergy

input of air-based systems was significantly lattan the water-based systems.

The use of available cool exergy in the crawl-spaseilted in 54% and 29% smaller exergy input éopgbwer
plant for the air-based and water-based coolintesys, respectively. For floor cooling, the exenggit to the
power plant can be reduced by 90% and 93%, witlusleeof ground, and use of the ground and the aire
crawl-space, respectively. A new approach to exeffigiency was introduced and used to prove thatexergy

supply from the ground matches well with the lovergy demand of the floor cooling system.

Keywords

radiant floor cooling; air cooling; exergy consuiopt ground heat exchanger; air-to-water heat purgoyl-

space



1. Introduction

Tightening targets for energy efficiency and enargg reduction in buildings have had significafé@s both
on residential and non-residential buildings indfpu [1]. The development of passive, low-energgyr zero-
energy, and zero-energy buildings has been stiguilay these regulations and environmental concants,

nearly zero-energy building (nZEB) levels are dietifor new buildings by 2020 in the European Unidn

The international focus on the residential sectdnéreasing, and although the energy performahbeildings
has increased, issues with the thermal indoor enwient and air quality have been reported in loergy and
passive houses [2], [3], [4]. One prominent problsmverheating and it has been reported from Dek 5,
Sweden [3], [6], Finland [4], and Estonia [7]. Tedmdings indicate that cooling in residentialltirigs is

becoming more important and almost a necessity.

Air-based or water-based systems can be used t@mheaol buildings. Although different studies leav
evaluated the performance of air-based and wataeblaeating and cooling systems for office buildifg], [9],
[10], and benefits of radiant panel heating andingdn net zero-energy buildings [11], so far taéias only

been little focus on residential buildings and dingk regarding cooling systems and their exergjopeance.

In addition to the insights to different systemsdmergy analyses, exergy analyses articulate miecésely and
accurately the different quality of energy souraed flows. “Cool” and “warm” exergy concepts enatmeto
quantify and to properly account for the “warmtinitld'coolness” of a heat source or sink, and exéoyys

from these sources and sinks [12], [13], [14].

In this study, the exergy performance of differgpéice cooling systems was compared using a siagiiyf
house as a case study. The whole chain of exavgss fivere considered from the source until the enwirent.
The effects of cooling demand (studied by mearisstélling internal vs. external solar shadinghapcooling

method (floor cooling vs. air cooling with ventilatt system) including auxiliary exergy use for punamd fans,



and the availability of a nearby cool exergy soymatake air for the ventilation system being owdair vs. air
from the crawl-space, and air-to-water heat pummraund heat exchanger as cooling source) onyitera
performance regarding energy, exergy demand armdygensumption were studied. The cool exergy cpnce

was used to analyze the crawl-space and the ground.
2. Analyzed space cooling systems

The eight different cooling systems that were sddin this paper are described here, before exptathe

exergy calculation method that was used to perthmtase studies.
2.1.Determination of the design cooling load

The studied house was assumed to be located imnGagen, Denmark. Construction details, descriiuh

details of the heating, cooling and ventilationtsgss of the actual house are given in [15] and.[16]

The space cooling load was determined with themagan of steady-state conditions. The outdoor air
temperature was assumed to be 30°C, which is laésertvironmental (reference) temperature for exergy
calculations. For all cases, the indoor temperata® 26°C (air temperature and mean radiant terapejaThe

relative humidity indoors was assumed to be 55%yltiag in a dew point temperature of 16.3°C.

The house was supported on 30 cm high concret&sbotd this created a crawl-space between the draoh
the house'’s floor structure. When the intake ais teken from the crawl-space, the fresh air temtperaoming
into the air handling unit (AHU) or to the indograse was 21.3°C, due to the pre-cooling of theamrtdir by

the ground surface under the crawl-space.

The internal heat gain was assumed to be 4.5°Wiich represents two persons at 1.2 met and othesehold
equipment. For the floor cooling cases, a ventitatate of 0.5 air change per hour (ach) was usedavide
fresh air to the indoors [17]. For the air cooltages, the supply air flow rate was calculateddasehe

cooling load. For all cases, an infiltration raf®® ach was assumed.



For Copenhagen, Denmark (56° Northern LatitudeJuiy at noon, assumed direct solar radiation erSuth
and West directions were 390 and 149 Wiraspectively, and the diffuse solar radiation @28V/nf [18]. The
shading coefficients for internal and external sseleading were assumed to be 0.6 and 0.1, resphctblinds,
45° inclination, light colored) [18].The resultisgpace cooling loads for different cases are ginerable 2 and

Table 3.
2.2.Details of eight cases studied

In order to compare the exergy performance of diffecooling systems, the house was assumed todiedc
with a water-based radiant floor cooling systemmrir cooling system with the supply of cold aimfi the air

handling unit. The following assumptions were mddeng the calculation procedure:

= |nthe actual house, there was a heat exchangeebetthe radiant system and the heat pump, but for
the calculations this heat exchanger was neglertddt was assumed that the water in the floordoop
circulated directly through the evaporator of teatpump. The same was assumed for the air-cooling
coil in the AHU.

= The supply air was 100% outdoor air (no recircolati and the indoor air was assumed to be fully
mixed (mixing ventilation).

= |t was assumed that there was no heat gain tddbedooling system, pipes and ducts from the

outdoors.

A summary of the investigated cases is given ind aband schematic drawings of the eight casegiaea in

Fig. 1.

Table 1. Summary of the case studies

Case Shading Cooling Source Intake air

1 Internal AC AWHP OA




2% External AC AWHP OA

3* External AC AWHP OA
4* External AC AWHP OA
5 External AC AWHP CS
6 External FC AWHP OA
7 External FC AWHP CS
8 External FC GHEX CS

*. Supply air temperatures and air flow rates affeent for Cases 2 - 4. Further details are givemable 3. AC: air
cooling, FC: floor cooling, AWHP: air-to-water hgaimp, GHEX: ground heat exchanger, OA: outdoqr@8: crawl-

space.
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Fig. 1. Schematic drawings of the analyzed cooling system



2.2.1. Floor cooling cases

For Case 7 and Case 8, the heat to be removeabiptr was 876 W, and for Case 6 it was 1183 Ws Th
corresponds to a cooling load of 19.5 and 26.3 ¥moled floor area, respectively, and a correspandi
average floor surface temperature of 23.2 and Z2.Bforder to achieve these surface temperattires,
required supply and return water temperatures W@ and 21.6°C for Case 7 and Case 8, and 16.2%68C
for Case 6. For all cases, the temperature difterdetween supply and return water flows was asstmiee
3°C. For Case 7 and Case 8, this resulted in a fr@agsdte of 250 kg/h, and for Case 6 it was 33&kg/ floor
covering resistance of 0.05KIW was assumed for all cases to keep the effédtear covering resistance on

the system performance to a minimum [15].

The cooling output, floor surface temperaturesthiednass flow rates were calculated accordingd [20],

[21], [22]. The summary of floor cooling cases igem in Table 2.

Table 2. Summary of the floor cooling cases

Space cooling  Supply and return Cooled floor surface ~ Water flow rate
case load [W] water temperature [°C] temperature [°C] [ka/h]
6 118: 16.5/19.5 22.2 33€
7&8 87¢€ 18.6/21.i 23.2 25C

2.2.2. Air cooling cases

The required ventilation rates were calculated éhasethe space cooling loads and the temperattfezeatice
between the supply air and room air temperatures.\ilater flow rate in the air-cooling coil was cd#ted
based on the heat to be removed from the intalkendithe temperature difference in the supply atam water

flows to and from the air-cooling coil. The heati®removed from the intake air corresponds taeheired



amount of heat to lower the temperature of thekintr to the required supply air temperature, Whias 14°C,

17°C or 20°C for respective three cases. The sugnofahe air cooling cases is given in Table 3.

Table 3. Summary of the air cooling cases (IA: intake air)

Space cooling Supply air Ventilation Rate of cooling ~ Water flow rate in the

case load [W] temperature [°C]  rate [ach] to IA [W] air-cooling coil [kg/h]
1 317C 14 3.7 422¢ 72%
2 104z 14 1.2 138¢ 23¢
3 1042 17 1.€ 150% 25¢&
4 104z 20 2.t 173¢ 29¢
5 104z 14 1.z 634 10¢

2.2.3. Air-to-water heat pump, crawl-space, and ground brehanger

The temperature of the water leaving the evapoudttite air-to-water heat pump was assumed to dedme

as the supply water temperature to the floor l@pbto the air-cooling coil.

The coefficient of performance (COP) of the heatpwas obtained from the manufacturer’'s datastasets
function of outdoor air temperature and the tempeeaof the water leaving the evaporator. For flomoling
cases, the required supply water temperature thhdbeloops was used to obtain the COP, whiledfiorcooling
cases it was assumed that the supply and retuer wehperatures to and from the air-cooling coitevé and
12°C, respectively. The resulting COP values wed2 8r Case 7, 3.31 for Case 6, and 2.79 forawtiag

cases.

In the actual house, the intake air was from thevtspace and the measurements showed that timetaé

crawl-space was warmer than the outdoor air inaviahd colder than the outdoor air in summer [16].
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Ground heat exchangers can be a good match toecwiithl high temperature cooling systems [19]. is th
study, a single U-tube vertical heat exchangeragasimed to be coupled to the floor cooling systemas
assumed that there was a flat-plate heat exchéeg@een the floor system and the ground heat exghnand a

brine pump was circulating the anti-freeze mixtcoesisting of 30% propylene-glycol/water mixture.

The ground temperature of Copenhagen area was &k@13°C [23]. The incoming and outgoing liquid
temperatures to and from the borehole were 17 8@, Tespectively. The corresponding mass flow iratee
borehole was 208 kg/h. It is possible to achiegenthicessary cooling of the circulating liquid fra@fC to
13°C at the 40 m depth for the given borehole aestgrther details of this ground heat exchangeigaren in

[23], [24].

Since the temperatures of air in the crawl-spackoéhe deep ground are different from the outdoor
(environmental) temperature, they contain a cedamount of cool (or warm) exergy and they act anéuiate

cool (or warm) exergy sources.
2.2.4. 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.

The pump power for different cases was obtaineih fitte pump specifications as a function of the wibev

rate and the required pressure increase, assuh@mump actually installed in the house.

The fan powers were determined from the measurtedaddhe house. The measurements showed thattble A
was using 67.9 W with a ventilation rate of 0.5 &bb5 ni/h), which corresponds to a specific fan power (SFP
of 1166 J/m for one fan [16]. This SFP value is in SFP 3 catggccording to EN 13779:2007 [25]. The fan
powers were calculated as a function of the aw flates, assuming that the fans for the air coatages are

also in SFP 3 category (1200 3jm

11



Table 4 summarizes the pump, fan, and their tatalgps for eight cases studied.

Table 4. Summary of pump, fan, and their total powers frtecase

Case Epump [W] Efans [W] Etotal [W]
1 335 528.2 561.7
2 25.0 173.6 198.6
3 25.3 2315 256.8
4 26.0 347.3 373.3
5 23.0 173.6 196.6
6 26.5 67.9 94.4

7 & 8* 25.2 67.9 93.1

*: The electricity input to the brine pump is nbiosvn in this table, it is not considered as an learyicomponent but rather

as a component similar to a heat pump, which id tseleliver the “coolness” from the ground to floer loops.

3. Basic definitions of exergy and calculation metHody

3.1.Basic definitions

For any system, it is possible to obtain the exé&ajgnce equation from energy and entropy balagaat®ns
together with the environmental temperature. Inegainform, exergy balance equation can be writtefoblows

[13], [26]:
[Exergy input] — [Exergy consumed] = [Exergy stored] + [Exergy output] (1)

where [Exergy consumed] = [Entropy generated},-afid Tyis the environmental (reference) temperature [K],

where the system and its components are situatdthanstorage term in Eq. (1) disappears for tladyans

under steady-state conditions.

12



Eqg. (1) indicates that every system consumes apé#ie supplied exergy while at the same time the

corresponding amount of entropy is generated.

A brief description of “cool” and “warm” exergy coepts are given in Appendix. The following calcidas

were carried out manually and under steady-statditions.
3.2.Cooling exergy load

The cooling exergy load is the required rate ofgxéo be supplied to the indoor space to mairntandesign

indoor conditions, and it can be defined as

T
Xcooling = _Qcooling (1 - T_I.) =0 (2
where Xooling IS the cooling exergy load [W], &uiing is the space cooling energy load [W], andsTindoor
temperature (air and mean radiant temperatures) [K]

3.3.Exergy supplied to the indoor space

The exergy supplied to the indoor space throughr ftf@oling and through the supply air can be cated using

Egs. (3) and (4), respectively.

To

XFC,out = _Qcooling (1 T ) =0 (3)
SFC

Tsa
AXAC,out = VsaCaPa {(Tsa - Ti) —T,1n ?} (4)

L

where X=c outis the exergy supplied from floor cooling systemitte indoor space [W],dlecis the average
temperature of the cooled floor surface [KKac outiS the net exergy supplied by cold air to the ordgpace

(the difference in the amount of exergy carriedMeetn the supply air and the indoor air) [W},¥6 the

13



volumetric flow rate of supply air [ffs], G is the specific heat capacity of air [J/kgi§},is the density of air
[kg/m?], and Tg,is the supply air temperature [K].

The exergy consumed within the indoor space cavbb&ined as the difference between the exergy mepiu

the indoor space and the cooling exergy load.

3.4.Exergy input, output and consumption in the grodilad;plate heat exchanger, floor, and air-cooling

coil

In order to get a complete understanding of theggxiows in the whole cooling system, it is ne@@ggo start

from the ground and to identify the exergy constiampprocesses. The net exergy input to the cirimigatnti-

freeze mixture from the groundXground[W], is obtained from the following equation.

Xg - Xc,ground = AXground (5)
T,
whereX,; = —Q4(1 — T, (6)
T OUu
AXground = Vgcpgwppgw {(Tg,out . Tg,in) - To In T{}g_mt} (7)

Xg s the “cool” exergy flow rate from the groundtte anti-freeze mixture [W], groundis the exergy
consumption rate in the ground [W]g@ the rate of heat removed from the anti-freezeure to the ground
[W], Tgis the ground temperature [K]4Vs the volumetric flow rate in the U-tube heatlessger in the ground
[m¥s], Ggw is the specific heat capacity of the anti-freezetume [J/kgK], ppgw is the density of the anti-freeze

mixture [kg/ni], Tg,outis the temperature of the anti-freeze mixture gaut from the ground [K], andgy, is

the temperature of the anti-freeze mixture goirig the ground [K].

14



The exergy consumption in the flat-plate heat erglea, X Hex [W], is obtained from the exergy balance

equation, Eq. (8).

AXgrouna — Xcnex = DXy ®
whereAX,, = Xy, cupply — Xw,return ©

AXy is the net exergy input from the supply and retuater [W], Xy supplyis the rate of exergy carried by the

supply water into the floor [W], ¥ returnis the rate of exergy carried by the return whten the floor [W].

The values of 3 supplyand Xy retumare calculated from the following equation.

Tw
Xw = VwCwPw {(Tw - To) —TyIn T_o} (10)

where \{y is the volumetric flow rate of water fs], G, is the specific heat capacity of water [J/kgi, is the

density of water [kg/), and T, is the supply or return water temperature [K].

The exergy consumption rate in the floor structdtenoor [W], is calculated from the following exergy batan

equation.

AXw — X¢ f1oor = Xrcout (11)
whereAX,, and X=c gytare given by Egs. (9) and (3), respectively.

The exergy consumption in the air-cooling coiltie tAHU, X coil [W], is obtained from

AXw,coit = Xccon = BXq (12)

AXw,coil = Xw,supply,coil w,return,coil (13)

15



AX, = Xa,out - Xa,in (14)

whereAXyy coil IS the net exergy input by the water to the ahog coil [W], Xy, supply,coills the rate of exergy
carried by the water entering the air-cooling ¢mdm the heat pump) [W], & return coiliS the rate of exergy
carried by the water leaving the air-cooling ctil the heat pump) [W], Xoutis the rate of exergy carried by the
air leaving the air-cooling coil [W], and%, is the rate of exergy carried by the air entetivegair-cooling coil

[W].

Eq. (10) can be applied to the calculation @f¥pply,coil@Nd Xy return,coit In the case of air instead of water,

Eqg. (10) is also applied with the replacement efthlues of volumetric flow rate, specific heataeity, density
and respective temperatures from water to air. (H).is also used to calculate the rate of coelam exergy

carried by the air flowing in from the crawl-space.
3.5.Exergy input to the power plant

It was assumed that the electric power suppliddedieat pump, pumps, and fans was generateceimate,

natural gas fired power plant. The exergy inputinegl to the power plant can be determined from

_ QHP,cooling
Ewp == 0r (15)
_ Enup
Xin,power plant — nror r (16)

where Eyp is power (electricity) input to the heat pump [M@,p coolingiS the rate of heat to be removed by the
heat pump to the water circulating through the evaior [W], COP is the coefficient of performangs, power

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

16



conversion efficiency of the power plant, distribatand transmission efficiencies of the grid (assd to be

0.35 [13]), and r is the ratio of chemical exergyigher heating value of natural gas (assumeeé @93 [13]).

For the value of Qp cooling the space cooling energy load is used in the fiooling cases, and the rate of heat

to be removed from the intake air is used in theabling cases.

Exergy input required at the power plant for thenpuand fans are calculated using Eq. (16) by repeate

Enp with respective pump power {kmp and fan power (&ng.

3.6.Exergy efficiency

One way of evaluating the exergy performance ofiogsystems is to use exergy efficiency. Converdio
definition of the exergy efficiency can be used ibatay fail to capture the effects of exergy syppl the
cooling system from the immediate natural exergyaes, such as the ground and the crawl-spaceefbiner

three kinds of exergy efficiency as defined in H43) - (19) were used:

Xcooling
77x,conventional X (17)
in,power plant

Xcoolin,
Nx = i (18)

Xinpower planttXg+Xcrawl-space

Xo+X —
gTA&crawl-space =1- Nx (19)

Nxnaturat =
’ Xin,power plant+Xg +Xcrawl—space Nx,conventional

whereny conventionallS the conventional exergy efficienay is the exergy efficiency which takes into account
the exergy supplied from the immediate natural g@xeources (one from the ground,, and the other from the

crawl-space, ¥awl-spacdW1), andny naturais the ratio of the exergy input from the immediaggural exergy

resources to the total exergy input to the system.

17



4. Results and discussion

The main results of the analyses are presentdusithapter. Sensitivity of the results to theltetficiency
including conversion efficiency of the power pladistribution and transmission efficiencies of gre (n7o7),

to the SFP of fans, and to the brine pump powetbediound in Appendix B. Sensitivity of the systerergy

performance to these parameters is presented iarfdipC.
4.1.Comparison of different space cooling systertisout a cool exergy source

The chains of exergy flows from the initial natugals input to the power plant to the environmeatsdwown in
Fig. 2 for Cases 1, 2, 3, 4, and 6. For the powatpthe exergy contained by natural gas is sagpb the
power plant as fuel and the electricity producesligplied to the heat pump. The difference betwikemrxergy
input from natural gas and the output electricityhie exergy consumption in the power plant. Thessa

relationship between input, output and consumpdigplies also to the other components in the chain.
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Fig. ZExergy flows for different cooling strategies wotht a cool exergy source (ACC: air-cooling coil)
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Exergy inputs, outputs, and consumptions in diffesystem components are given in Fig. gjpand Xy out

are the rates of exergy carried by the anti-fraezeure flowing into and out of the ground heat lexcger,

respectively [W].
| X, out Net output,
a) : AX 47.0 W)
—— X . ground
g,in
S S S S
Ground :
XC,ground (22:6°W.
Xg(69.6 W /]\1\
b) Flat-plate heat exchanger
. goul XW,supply Net output
Net input, et output,
|:> AX
ground (29W6 W
(47.0W) Xg,in w,return . ‘
Xerex | Q7.4 W
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Fig. 3. Exergy input, output, and consumption in differsygtem components: a) Ground b) Flat-plate hegtanger c) Floor d) Air-

cooling coil. a), b), and c) are given for Casd)as given for Case 2. Values in the parenthesgisate the exergy values and the red

boxes indicate exergy consumptions in the respestygtem components.

The exergy to be supplied to the power plant fretural gas is 4025 W for Case 1 and it is the Ergmong

the investigated cases. This implies that the fis@ internal solar shading device is not effectiveeducing

the cooling demand of the house. The large exengytirequirement is due to the large cooling load @so

due to the way of addressing this load; coolindait air-based system. Compared to the rest afabes,

exergy consumption in the rest of the system compianis also the largest for Case 1. Case 1 clshdws that

it is crucial to minimize the cooling demand of tihause.
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In the rest of the cases in Fig. 2, an externarshading device was employed. The exergy inmutired at the
power plant has decreased remarkably comparedse Cand the exergy consumption in different syste

components has also decreased.

In Cases 2, 3 and 4, air cooling was employed tivessd the cooling load. Although the cooling exdogd

itself is the same for all of these cases (13.9ti\) exergy required at the power plant in ordggdwer the heat
pump is different, due to different supply air teargtures assumed for each case (Table 3). Theyexerg
consumption rate in the indoor space is 21.8 W2 ¥%, and 10.7 W for Cases 2, 3 and 4, respectilidlis

trend is reversed for exergy consumption in thdiogaoil, where the exergy consumption rates &8 &V,
76.0 W, and 96.7 W for Cases 2, 3 and 4, respdygtiVais is also reflected in the rest of the sgseowards
the source, where the differences between thess gashe heat pump and the power plant are alefigi 2.
Case 4 requires the highest exergy input among tiese cases, followed by Case 3 and Case 2fdhefer

the further analyses and comparisons, Case 2 avilised.

Among the cases presented in Fig. 2, Case 6 raghiedowest exergy input to the power plant, despie
cooling exergy load being slightly higher (15.8 than the air cooling cases. This is because oféasons; the
system being a water-based cooling system, andingpat water temperatures close to room temperathigh
temperature cooling). The exergy input requirethatpower plant is 28% smaller for Case 6 (floaslicm)

than Case 2 (air cooling).

4.2.The effects of immediate cool exergy sourcesystem performance

4.2.1. Cool exergy contained in the crawl-space

The crawl-space below the house acted as a buffex, Zvhere the air temperature was higher thanutdoor
air temperature in the heating season and vicameithe cooling season. This results in a waroot exergy
storage effect in the crawl-space [12], [13]. Thdoor air temperature, air temperature in the Espace, and

the specific exergy contained by air in the crapdee are shown in Fig. 4.
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During the period from spring to autumn 2014, treximum warm and cool exergy stored in the crawkepa
were 131.1 J/fand 287.9 J/frespectively. Under the conditions considereithis study (air temperature in
the crawl-space of 21.3°C and an outdoor air teatpez of 30°C), the stored cool exergy densithadrawl-
space corresponds to 152.7 3J/mhich is lower than the maximum cool exergy dgnstored during this
period. Fig. 4 shows that when the air temperatutie crawl-space is lower than the outdoor airgerature,

there is cool exergy storage in the crawl-space.

Further cases were studied by modifying the boundanditions of Case 6 and Case 2, in order tostigate
the effects of this cool exergy storage on the @lsgstem. That is, in Cases 7 and 5, it was asstimethe
intake air was taken from the crawl-space, instddte outdoor air. Fig. 5 shows the effects ofdrawl-space

(cool exergy storage) on the performance of diffeomoling systems.
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Fig. 5. Exergy flows for different cooling strategies wihkailable cool exergy from the crawl-space (ACi&raoling coil)

In Fig. 5, the differences in the exergy inputhie power plant between Case 2 and Case 5 (719%, 54
reduction in exergy input to the power plant conegaio Case 2), and between Case 6 and Case 7 (2Z9%V
reduction in exergy input to the power plant corepaio Case 6) are due to the use of the coolat it.3°C in

the crawl-space instead of the outdoor air at 35@take air. The rate of cool exergy providednftbe crawl-
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space with the ventilation rates of 0.5 ach (Césasd 7) and 1.2 ach (Cases 2 and 5) are 4.5 Vi@idV,
respectively. The exergy consumption in the poviantp heat pump, floor, and in the indoor spacdss
decreased for Case 7 compared to Case 6. The ecangymption in the power plant, heat pump, andirngo

coil is decreased for Case 5 compared to Case 2.

It is worth noting that only 4.5 W and 10.7 W ofbtexergy provided from the crawl-space can elirgrv0
and 719 W of exergy input by natural gas at thegrglant, respectively. This is mainly becausedtteal cool
exergy demand is very small so that making useici small quantities of cool exergy results ingngicant

reduction on the supply side.

Fig. 5 shows that the air-based systems benefie firom the storage of cool exergy in the form afleoair in
a crawl-space compared to floor cooling. Althougis€5 requires less exergy input than Case 7ddkis not
mean that the air-based system performs betterttigawater-based system, due to the higher auxidinergy
use, as will be presented in 4.3. It should alsodied that compared to Case 7, Case 5 has higbegye
consumption in the cooling coil (19.0 W) comparedtte floor structure (9.6 W), higher exergy conption in

the indoor space (21.8 W vs. 8.3 W), and has aghigboling exergy load (13.9 W vs. 11.7 W).

4.2.2. Cool exergy contained in the ground

Although the floor cooling performs better than #iecooling cases as presented in Fig. 2, a closérat the
exergy flow reveals that it is possible to incretimeexergy performance of this system with a beti@ch of
the exergy demand and supply. This is achieveditiirehe coupling of the floor cooling system witgraund

heat exchanger. The results are presented in Fig. 6
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Fig. 6. Exergy flows for different cooling strategies wilkailable cool exergy from the ground (PP : poplant)
The brine pump in the ground loop was assumed tddical in terms of performance to the circuati
pumps. The brine pump has a similar function tea pump, which transports the cool exergy fronsaisrce
(ground) to where it is needed. This is also showfig. 6, where the orange line (Case §) is the flow of
cool exergy from the ground through the system amepts, house and to the environment. The green lin
(Case 8, % + Xne) shows, in addition to the cool exergy flow fronetground, the exergy input at the power

plant from natural gas to provide the brine pumithiectricity.

When comparing Case 7 to Case 8, the exergy irghhe gower plant is decreased from 680 W (for ipeatp)
to 65 W (for brine pump) corresponding to a 90%undidn. This difference is due to the use of thel exergy

available in the ground. When considering alsccti exergy that was initially available in the gnal (69.6
W), then the total exergy input is 134.6 W, as giwreFig. 6 (Case 8, g+ Xng). Compared to Case 7, the use

of ground without any thermodynamic refrigeratigrele (the use of stored cool exergy available englound)

is an effective way to match the low exergy demafnithe floor cooling system.
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Regarding the exergy flow of the AWHP, a possibigriovement could be to power it with on-site getesta
electricity from a renewable energy resource irtstifaa power plant in a remote location, thoughb teiquires

further considerations for a definitive conclusion.

The pump power is important for realizing the themefits of the cool exergy stored in the groursdt & an
addition to the cool exergy from the ground (coargy of 69.6 W from the ground is comparable &b W
of exergy by natural gas at the power plant to jp@the brine pump with 24.5 W of electricity). $h$ crucial
for justifying the free cooling. Increasing pumpass requirements (e.g. to use a deeper or additgyoand
heat exchangers than one borehole or a worse pwithplecrease the overall efficiency of the systes shown

in Appendix C.

The initial design of the heating and cooling syste the house relied on the ground as the heats@und
sink, and a theoretical single U-tube ground heehanger was designed. The benefits of using thengt
compared to an AWHP were justified in energy temmgrevious studies [23], [24] and the results oigd in

this study justify this solution from the exergetiewpoint.

Case 8 takes advantage of the cool exergy avaitaitkein the crawl-space (4.5 W) and in the gro(6816 W).
When comparing Case 6 to Case 8, the exergy iouiined at the power plant is decreased from 95€owW
heat pump) to 65 W (for brine pump) corresponding 83% decrease. This result emphasizes the teakfi
using the naturally available heat sources andssmkur immediate surroundings, although, a prasig of
this is to limit the cooling (and heating) demarfidh@ building as much as possible from the begigmif the

design process. This implies that passive andettishnologies should be well combined.

4.3.Auxiliary exergy input

In addition to the thermal exergy analyses, theatsfof electricity inputs to pumps and fans onvthele

exergy consumption patterns were also consideiteg r@sults calculated for all cases are presentewi 7. In
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each case, there are four bars, which are, frandeight, the exergy input to pump, to fans, thetal, and the

exergy input to the power plant.
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Fig. 7. Exergy inputs to the circulation pump, supply axtlaust fans and to the power plant

The results presented in Fig. 7 show that althdbhglpump consumptions are within a close rangefatie
consumptions vary greatly from floor cooling to edoling cases. In the floor cooling cases, thdilaion
system was only used to provide the necessary &iesWwhile in air cooling cases, the ventilatigstem was
used to remove all the necessary heat (cooling leddch resulted in larger ventilation rates. Tame
ventilation rates result in a relatively large diaxy energy use compared to the floor cooling sas®l this
difference can be attributed to the difference leetwthe air-based and water-based cooling appréduigh

auxiliary energy use would decrease the energyeaadyy-wise efficiency of the whole system (Append).

Air-based systems require larger flow rates andmeis to transport the same amount of heat, coghon
exergy compared to water-based systems becaule airts smaller specific heat capacity and dertbiay
water. This causes a larger power requirementifdo de transported and it emphasizes the advardhgater-

based heating and cooling systems.
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Fig. 7 shows that the auxiliary exergy input to sggtem can be substantial compared to the therxeady
values, as presented in Fig. 2, Fig. 5 and Filh@se results emphasize the importance of minimittie

auxiliary component exergy use in order to achewelistically high performing system.

4.4 Exergy efficiency

In addition to the total exergy input to the systemexergy efficiency can also be used to evallegt®verall
exergetic performance of heating and cooling systéthe resulting exergy efficiencies for the stddiases are

given in Table 5.

The exergy efficiencies given in Table 5 do notude the exergy input to the auxiliary componetits;
inclusion of the auxiliary components in the exeefficiency will decrease the exergy efficiencidppendix C
presents the exergy efficiency values when theliaaxicomponents are also considered. The effddpercific

fan power, and brine pump power on overall systenfopmance can also be found in Appendix C.

Table 5.Exergy efficiencies of different cases

Casel Case?2 Case3 Cased4 Case5 Case6 Case Be &a

T conventional[%] 1.1 1.1 1.0 0.8 2.3 1.7 1.7 180
nx [%] 1.1 1.1 1.0 0.8 2.3 1.7 1.7 8.4
Tix,natural [%6] 0 0 0 0 1.8 0 0.7 532

Exergy efficiency values show that the floor coglii€ase 6) has slightly higher exergy efficiencartlthe air
cooling (Cases 1 to 4) when the effects of immediatural exergy sources are not considered. Wieeeffects

of naturally available resources are consideragleiergy efficiencies increase as in Case 5 cordpgar€ase 2,
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and Case 8 compared to Case 6. This is mainlyatietdecreased exergy input into the power ptaptdvide

the required space cooling, and through a bettéchvaf the exergy demand and supply (Case 8).

The natural exergy efficiency valueg hatura) Clearly show that only Cases 5, 7 and 8 benefihfthe

available natural exergy sources in the immediateandings. In Case 8, 53.2% of the total exengyi to the
system was provided by the natural exergy sourgesreas this value was 1.8% for Case 5 and 0.7%dee

7. According to this definition, in case of a biilg using conventional heating and cooling systemtéch does
not use any immediate sources of natural exergin(@sses 1 to 4, and G naturaldecomes zero. If in a
building (e.g. a zero energy building), all the mxerequirement is supplied with solar, ground, dyietc., this

means that the exergy supply to the building i2A@dstainable ang natyraldecomes unity.

The results show that the heat sinks within our édiate environment should be used wisely, sinceethee
valuable natural resources and they should nokbausted through poor utilization policies. Thipistly
reflected in the exergy efficiency of Case 8; whiemcool exergy consumption from the ground is nakéo

account then the exergy efficiency decreases & &dm 18.0%. This implies that the rational efiecy index

is nx rather thamy conventional

4.5.0Overall discussion

This study considered a cooling season operatibit Isucrucial to assure that the given systenmsveark
effectively in the heating season in residentialdings. Exergy analyses and especially the warergx
concept can be used to analyze the performanceatifig systems in buildings. The exergy performarice

different heating systems has been addressed thexmmublication [15].

Certain assumptions have been made during thelaatruprocedure. The steady-state assumption ring

certain limitations especially regarding the coesidion of thermal storage effects and transiehabier of
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buildings. There are also certain limitations relyag the occupant presence and comfort throughheuday,
since different control strategies (e.g. setbackrod) can be used in a single day. The curremdutations do
not address these issues, dynamic exergy calawatioexergy calculations based on building peréoroe

simulations (indoor environment and energy) candss to study these effects.

The obtained results are dependent on the val@skinghe calculations (e.g. power plant efficierqmymp and
fan powers, etc.) therefore it is crucial to choasaistic values for each parameter. In this sttity necessary
values were obtained from literature or from thisakchouse components, when applicable. The uncges
associated with these assumptions were examinedaafidmed by sensitivity analysis, and the resaits

described in Appendix B.

For the air cooling cases, it was chosen to keegdime supply and return water temperatures frerheht
pump and to vary the water and air flow rates,asponding to a change in pump and fan powers. Anoth
approach could have been to vary the supply andretater temperatures from the heat pump, andetienc
improve the COP. Latent loads were not considengldtavas assumed that the cooling in the air-ogptioil

was sensible.

The effect of cooling system on thermal indoor emvinent was not directly studied; rather a comparisf
exergy performance of different cooling systems masle based on the same level of comfort. The rdaiked
to condition spaces (chosen terminal units, aiebas water-based system) has a direct influendaethermal
comfort of the occupants. Human thermal comforusdhoot be sacrificed for energy- and exergy-wise
efficiency improvement alone and they should beeagll simultaneously. Water-based radiant systems
perform better compared to other systems in tefres@ipant thermal comfort; they minimize the rigk

unpleasant air movement (draught), and they ceeatéform temperature distribution in spaces [£28].

The use of a crawl-space was applicable for thisqudar house but it might not always be applieafilhe

crawl-space has a similar function to an earth-tliloginto the ground, in fact an earth-tube alswefits from

30



the cool exergy available in the ground. Radon khbe considered for different locations, i.e. éaabarrier
might be needed in locations where radon is a gante addition to radon, also the quality of antng from
the crawl-space can cause problems with the indioguality and it is crucial to consider this asipi@ order
not to cause any dissatisfaction to the occupaitkstie indoor environment. The moisture of thecaiming in
from the crawl-space can also be a problem, anddhsideration of dehumidification needs may reisult
different exergy inputs and system performance. mbisture of the air from the crawl-space couldseau
problems regarding condensation on the floor cgdlinless properly dehumidified. The condensationkea

avoided through a dew point control on the watgpiutemperature to the floor cooling loops.

The usability of the heat sources and sinks thafamd in our immediate environment (e.g. grolakk, sea-
water, etc.) will depend on the costs, regulatiansi on geographical conditions. Neverthelessiriinémization
of the cooling (and heating) demand is crucial siogly with a reasonably low-exergy demand, it widag

possible to use the naturally available exergyseaiand sinks in our surroundings.

A high cooling load would limit the use of radiaystems (floor, ceiling or wall cooling) due to dpwint
concerns. The required low water temperatures nailgiatlimit the use of natural heat sinks and heheause of

a refrigeration cycle might become necessary.

If radiant systems are to be used with a high ogdibad, then the air must be dehumidified, althmwotins is not
the optimal choice since it means that at anotherqf the system, water temperatures below thepent are
necessary to dehumidify the air, unless the aielmumidified by other means (e.g. desiccant wh&aig

operation strategy would partly off-set the bemsadift high temperature cooling by the radiant floooling.

The optimal system design should be the one, iclwthie cooling demand is lowered as much as pessibl
that there is no need for dehumidification. Theghhiemperature cooling systems can be used whicidwo
enable the integration of heat sinks that can badan our vicinity and this would increase the rafleenergy-

and exergy-wise efficiencies.
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5. Conclusion

The exergy performances of different space codigjems were compared, using a single-family hasse

case study. The main conclusions from the analsesas follows.

1. Cooling exergy demand of the building should beimired from the beginning to achieve reasonable
exergy efficiency and also to allow the use of ralty available exergy sources and sinks. The ogoli
demand also influences the choice of indoor terhminds e.g. with a high cooling load, it might e
possible to use radiant cooling systems due top@mt concerns. The choice of the terminal unit is
crucial since only with certain terminal unitsisifpossible to use natural resources, and sinsetiuice
directly affects the occupant thermal comfort.

2. The water-based radiant floor cooling system pertéat better than the air-based cooling with
ventilation in terms of energy, exergy demand ammtsamption. When an air-to-water heat pump was
used as the cooling source and the intake air wiside air, the exergy input required at the poplant
was 28% smaller for the floor cooling system coregap the air cooling system. The water-based
systems had remarkably smaller auxiliary exerguirgompared to air-based systems, due to the use of
water as the main heat carrier medium.

3. Cool exergy concept was used to quantify the aglaxergy in the crawl-space and in the ground.
Integration of these natural exergy resourcesdaatoling system resulted in significant improvetsen
in the system performance. The use of the coolggxavailable in the crawl-space resulted in 54% and
29% smaller exergy input to the power plant foraivebased and water-based cooling systems,
respectively. In these cases, only 4.5 W and 10af @ol exergy provided from the crawl-space
decreased the exergy input by natural gas to theipplant by 270 and 719 W, respectively.

4. The coupling of ground with the radiant floor coglisystem is feasible since the exergy supply from
the ground matches well with the low exergy demainithe floor cooling system. For floor cooling

cases, it is possible to reduce the exergy inpthtegower plant by 90% and 93%, with the use of
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ground, and use of the ground and the crawl-spaspectively. Brine pump power should be kept to a
minimum to truly benefit from the “free” coolingritugh the cool exergy stored in the ground.

5. The benefit of coupling the ground with the flomoting system was shown with the exergy efficiency
values; 18% and 8.4% for the conventional and #ve aefinition of the exergy efficiency, respectiyel
and 53.2% of the total exergy input to the systeam fkom the ground. The decrease in efficiency
indicates that the natural resources within our @diate surroundings should be used efficiently, and

not exploited in ineffective ways through poor iatition.

It should be noted that the obtained results ase-specific, i.e. based on the house design, ttaind steady-

state assumption, and, therefore the results ¢tar dbs a function of these factors.
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Appendix A — Definitions of cool and warm exergy

Thermal exergy can be categorized into two typesaa” and “warm” exergies and this approach epahls to

properly consider the “warmth” or the “coolness’affieat source or sink [12], [13]. An example icdisws:

two tanks containing water are placed in an enviremt with an environmental temperature gf ®ne of the
tanks is at a temperature gf and the other one is at a temperaturepfwvhere T>Ty and Te<T,. In the former
case, the flow of energy and exergy are from thk & T, to the environment atgland this exergy corresponds
to the flow of “warm” exergy, while in the othemtg the flow of energy is from the environment gttd the

tank at T but the flow of exergy is from the tank to the gomment and this flow of exergy is the “cool”

exergy. It could be explained that, in cooling seasvhat is expected as a merit from this chilledes tank is
the “cool” exergy and not the energy (the chilleatev has a “lack” of energy). Further examples rande

detailed descriptions of “cool” and “warm” exergigen be found in [13] and [14].
Appendix B — Sensitivity analysis

In order to quantify the effects of different asgions on the results, sensitivity analyses werdezhout on

total efficiency including conversion efficiency thfe power plant, distribution and transmissioficefhcies of

the grid ToT), SFP of fans and on the brine pump power.

For the total efficiencyrfroT), values of 0.3, 0.35 (used value), 0.4 and 0.dfewonsidered. Table B.1 shows

the results. In Table B.1, the values indicateetkergy inputs to the respective system componentifferent

cases.
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Table B.1.Exergy input to system components and to the pgheert as a function of total efficiency

Case Case Case Case Case Case Case Case8, Cases8,

1 2 3 4 5 6 7 Xg  XgtXNG
Building [W] 42 14 14 14 14 16 12 12 12
Indoor space [W] 109 36 30 25 36 31 20 20 20
Floor/ACC [W] 300 98 106 121 55 49 30 30 30
Heat pump [W] 1515 498 539 622 227 358 256 47 72
Bower nToT=0.35" 4025 1323 1433 1654 604 950 680 70 135
olant 0.3 4695 1543 1672 1029 704 1109 793 70 146
W] 04 3522 1158 1254 1447 528 831 595 70 127
0.45 3130 1029 1115 1286 469 739 529 70 120

*. Values presented fofror=0.35 correspond to the values presented in Figig2 5 and Fig. 6.

The results of the sensitivity analysis for thateffficiency show that although the absolute vaelokexergy

input to the power plant change, the relative ¢ffand relative system performances are the same.

Although not shown in Table B.1, the variation ofyer plant efficiency will also affect the necegsexergy
input to the power plant for auxiliary componertdower power plant efficiency results in a larggergy input

being necessary to supply the same power for theopand fans.

For the SFP of the fans, values of 1200°Jlmsed value), 1000 JAri750 J/mi and 500 J/fhwere considered.
These values are in SFP 3, SFP 2 and SFP 1 catsgagording to EN 13779:2007, respectively. The SF
values in Cases 6, 7 and 8 were not changed, giagaise the measured values from the house [hé]SFP
values were only varied for the air cooling cases the results are given in Table B.2. Pump powere not

changed; therefore the differences are only dilegwariation of fan SFP.
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Table B.2.Exergy input to the power plant for auxiliary cooments as a function of fan SFP

SFP Casel Case?2 Case3 Case4 Case5 Caseb Tas
12000/m* 1493 528 82 992 522 251 247
3
1000 Jfm 1259 451 580 838 446 251 247
Xin, power plant, aux[W]
750 J/m? 966 355 452 646 349 251 247
500 J/nt 674 250 324 454 253 251 247

* Values presented for SFP=1200 J&mnrrespond to the values presented in Fig. 7.

The results of the sensitivity analysis on fan geriance show that even if the SFP were to be 50%) the air-
based systems cannot perform better than the Wwaterd system in terms of exergy input requiretieapbwer
plant for the auxiliary components. Even thoughttial exergy input required at the power plantdmees close
for Cases 2 and 5 to water-based cooling systearfnance, it should be noted that water-basetincpo
cases used the actual measured values from the hiotesms of fan energy use and therefore showc¢heal
fan performance. Choosing better performing fassnahis case with lower SFP values, will requitieer

considerations, e.g. other products, costs, etc.

For the brine pump power, values of 10 W, 24.5 Wé¢Lvalue), 50 W and 75 W were considered. Talde B.

shows the effects of brine pump power on systerfopeance.
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Table B.3.Sensitivity of the results to the brine pump powe€ase 8

Xg+XNG
Xg* 24.5 W* ow 50 W 5W
Building [W] 12 12 12 12 12
Indoor space [W] 20 20 20 20 20
Floor [W] 30 30 30 30 30
GHEX [W] 47 72 57 97 122
Ground/power plant [W] 70 135 96 202 269

*: Values correspond to Fig. 6.

The results show that with an over-dimensioned pulwhole system performance decreases; thisatedi
that in order to fully benefit from the availableat exergy in the ground, the dimensioning of thadpump
should be done carefully and the brine pump povweulsl be minimized. An over-dimensioned pump wisioa
mean reduced savings with the use of ground, cagdpara system which uses an air-to-water heat pasm

Fig. 6.

A sensitivity analysis on the power of the circidatpump was not carried out, since the charatiesief this
pump were obtained from the actual component ilestéh the house. The pump has also a relativebllsm

influence compared to the fan power.

The heat pump used in the calculations was noesuty a sensitivity analysis, because its perfoceavas
determined from tabulated data provided by the rfzanturer as explained in 2.2.3. This allows theeys to
be compared on a fair basis, using the same hegb,and therefore reflecting the effects of actymdrating
conditions of air-based and water-based systemsthe effects of water temperature leaving theexeator of

the heat pump.
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It should be noted that heat pump plays a cruolalin the results and the effects of a given peatp on the
whole system performance should be consideredafdr ease. The results presented in this study eldeened

for one particular air-to-water heat pump.

The rest of the parameters used in the calculagihsr belonged to the actual design of the houseere

actual components used in the house, therefotbefusensitivity analyses were not carried out.
Appendix C — Whole system exergy efficiency

Other than the total exergy input to the systerar(ttal exergy and for the auxiliary components)rgxe
efficiency can also be used to evaluate systenopeance. In addition to the efficiencies describagded on
thermal exergy values in 3.6, another exergy efficy which takes the effects of auxiliary exergg oa the

whole system performance into account was defisgdlbws

Xcooling
77x,syst?em ~ X X (C l)
in,power plant T4 in,power plant,aux

whereny systemiS the whole system exergy efficiency, angd, ¥ower plant, autS the exergy input to the power

plant through natural gas to provide the necesslagtricity to the auxiliary components [W] (calatdd as

defined in 3.5 and the values are given in Fig. 7).

Table C.1 shows the whole system efficiencies fiberdnt cases.

Table C.1.Whole system exergy efficiencies for differentess

Casel Case?2 Case3 Case4 Case5 Case6 Case Be &a

Tix.systeml%] 077 075 066 053 124 132 126 3.75

'lx,system’ [%0]* 0.9 0.88 0.79 0.66 1.63 1.44 1.42 5.57

* SFP=500 J/mfor all systems, including the water-based cootiggtems.
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The results show that when the intake air is thdanr air, water-based systems perform better tiair-
based systems, i.e. they have a higher efficiefiog.system performances are considerably affectéked
availability of nearby natural heat sinks. Whendb&l air from the crawl-space is used as the stk the air-
based system (Case 5) performs close to the watedisystem coupled to a heat pump. When the wased
system is coupled to a ground heat exchanger (&asgeerforms considerably better than all otbygstem

configurations.

If all systems have an SFP of 500 J/the overall performance of air-based systemsaszs compared to the
previous cases. The water-based systems stillnpetfetter than the air-based systems when thedrgiks the

outside air.

When the intake air is from the crawl-space fordhiebased system (Case 5), the air-based systdoripe
better than the water-based system coupled totgphe®; this is because the air-based system heffiefin the
available cool exergy in the crawl-space whilewrser-based systems either do not benefit froi@asg 6) or
benefit in a limited amount compared to the airdobsystem (Case 7). These results also match hdgtresults
presented in 4.2.1. When the heat pump is replaitbca ground heat exchanger in water-based systeater-

based system performs considerably better tharotey system configuration.

In order to examine the effects of brine pump poarethe system exergy efficiency, two of the valgieen in
Appendix B, 10 W and 75 W, were considered. Wittrsthvalues, the system exergy efficiengys(sten) turns
out to be 4.28% and 2.62%, respectively. When & &B00 J/mis used ﬁx,systen’]), the system exergy

efficiency becomes 6.83% and 3.40%, respectivelyoigh these values are still considerably highan the
efficiencies of other systems, they also indichtg the brine pump power is a crucial parametéeto

minimized, in order to properly and fully benefibfn the available exergy in the ground.
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The results show that the auxiliary exergy hasresickerable effect on the overall system performaamze
therefore it should be considered carefully andimiired, in order to achieve an optimal system perfnce

and to benefit from the naturally available heaksi
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Highlights

Whole chains of exergy flows for different cooling systems were compared.

The water-based floor cooling system performed better than the air-based cooling system.
Cool exergy was used to study the effects of crawl-space and ground on system performance.
A new exergy efficiency was used to show the benefits of coupling ground and floor cooling.

Using cool exergy from natural resources resultsin significant exergy consumption reductions.



