Numerical comparison between
energy and comfort performances of
radiant heating and cooling systems
VS. air systems

ABSTRACT

A comparison between energy performance, simulagadeans of the EnergyPlus building simulation
programme, of two air systems (all-air and fan r@ihd radiant heating and cooling floors/ceilings i
developed in this work for various European clinsafidilan, Frankfurt, London, Madrid, Athens, Helsiin
Moscow) and carried out on a reference buildingleseed among DOE commercial building new
construction benchmarks. The comparison is focosethe analysis of energy sources and, @®issions
at equivalent thermal comfort quality levels in theious cases. The adoption of a radiant systemd, Gf
an appropriate primary energy system, always resulta reduction of energy sources exploited, atso
for energy wares purchased and of carbon dioxidesgions. The greatest reductions can be achieved in
climates where the energy demand for cooling ifgmrethan the energy demand for heating. The paper
also focuses on the discussion of the procedubetadopted when a comparison between air systechs an

radiant systems is implemented.

INTRODUCTION AND PURPOSE OF THE WORK

Hydronic radiant panels represent a successfukienltio be adopted if you want to achieve at the
same time high thermal comfort levels and significanergy savings. At the beginnig the applications
were for heating purposes, expecially with radiatiloor techonologies; after, the use of radiargtems
has been extended also to cooling purposes angrafitf solutions of radiant cooling floors and cegj$
have been developed.

Nowadays, hydronic radiant panels are a consolidelimatisation technique: they are widely used in

Europe, and in North America the number of appiicet is continuously increasing.



As it is well known, the principles of radiant syists were already adopted in ancient times (Olesen e
al. 2002), but only at the beginning of 1950 theyrevdiscovered and applied as building heatingegyst

Mistakes, both in the design procedure and in tis¢allation phase, have been done in some of the
first applications. These mistakes have generatgalaninary obstacle for the diffusion on the netrif
the radiant technique; on the other hand, they tsiveulated the developments of specific researches
addressed to the characterisation of heat exchaegblanisms bewteen the heating/cooling radianaserf
and the surrounding indoor environment.

Moreover, the progresses on the material scierlosvedl the adoption of safer and more flexible
solutions aimed at provinding easier installatiquiastic (polyethylene and polypropylene) pipesduiar
radiant panels, etc (Babiak et al. 2007) have lsed.

At the same time, significant improvements have nbearried out in the “theory of radiant
climatisation”: dedicated design methods have lofimed (Causone et al. 2010a) and dyninamic energy
simulation sofware tools have been developed optadato take into account the peculiarities of aatli
systems (Strand and Pedersen, 2002).

The high comfort level provided in the indoor eoviment by radiant systems is a recognised
successful feature. In term of thermal comfortstis achieved by the preminent use of radiativet hea
exchanges between panel and occupants/walls. Tweasgloor air quality, radiant systems are typycal
coupled with a Dedicated Outdoor Air System (DOABPAS is an important element to be foreseen in
the radiant panel design. In fact, the ventilattystem plays a fundamental role because, in addito
guarantee the desired ventilation air flow raté&eiéps under control the humidity, avoiding condéns
problems on the cooled surface of the panel (CoarmyMumma 2001). Radiant panels can be used as the
unique climatisation system only when their hedtiogling efficiency is higher than the total
hetaing/cooling load. As their efficiency is limitdy the maximum/minimum allowed surface tempeggtur
when loads overcome the panel efficiency, the segplentilation air is coupled, expecially in cowi
mode (Jeong and Mumma 2006).

As mentioned above, the great interest in radigstesns is due to the capability of maintaing high
thermal comfort levels, by using a fluid at a madertemperature (low temperature heating and high

temperature cooling, Babiak et al. 2007). Thisva#ldo exploit greater conversion efficiencies dafmary
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energy systems (condensing boilers, heat pumpsdlihilling packages, etc.). However, the actudrgy
savings depend strictly on the careful design amrdrol of the radiant system, on the selection simohg

of the primary systems, on the climate and on ttieroinfluecing boundary conditions (Olesen and
Mattarolo 2009).

The main aim of this work is to is to provide asessment of the benefits that can be achieved by a
radiant system in heating and cooling mode in teahsarbon dioxide emissions and energy savings,
expressed in terms of delivered energy and sourersgg. This is done by means of a comparison betwee
a system based on a radiant floor/ceiling for mgatnd cooling and a reference conventional all-air
system, analyzed in various European climates.pEnm®rmance of the systems is simulated by mefas o

building energy simulation programme.

PROBLEM DEFINITION AND DISCUSSION

Comparing the energy consumed by radiant and lyatems for a particular building may appear
quite simple from a procedural point of view, butaadeeper investigation some problems arise afifgct
energy consumption assessment. The main aspedisr@reummarized:

- thermal comfort depends on air temperature anchean radiant temperature (combined into the
operative temperature), while the control of thetems is usually carried out by air temperature¢eh
2001; Olesen 2002; Simone 2009; Berglund et al4%99

- radiant systems are not only HVAC components ddab envelope components affecting the
energy balance;

- radiant systems are both radiant and convectjugpenent, while the HVAC reference systemis a
convective only equipment (e.g. fan coil, VAV damped inlet, etc.) (Causone et al. 2010; Spitl€r0

- the controlling equipment thermal inertia (radjaall-air) varies, while the controlled system
thermal inertia (the indoor thermal environment}asstant (Olesen 2002; Babiak et al. 2007).

As regards the first aspect, for the same air teatpee, the thermal comfort conditions guarantegd b
a radiant system are better than those of a cameesystem, since the operative temperature isehnigbr
lower in summer condition) than the one of an esunle equipped with a convective system (Olesen)2002
The operative temperature can be considered assia alicator of thermal comfort in rooms with

moderate values of relative humidity and air velpcit is expressed as the weighted average of air
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temperature and of mean radiant temperature: piérlgs on both convective and radiant room heasload
As shown in previous works by Simmonds (1994, 1386)mean radiant temperature substantially affects
thermal comfort conditions: therefore, it is noteefive to contrast radiant loads with convectivads.
Radiant systems contrast radiant loads with radiends, while air systems contrast radiant load$ wi
convective loads: as a result, with air systemigwaer thermal comfort is obtained with the samenmoo
reference air temperature. A correct comparisanbm made only if the same operative temperature, o
better thermal comfort conditions, are guaranteeddth cases (see the “Thermal comfort analysis”
paragraph). To face this problem, in this numeristaldy a thermostatic control based on operative
temperature was selected. In EnergyPlus simulatiotool, an object called
“ZoneControl: Thermostat:Operative Temperature” waedu It allows to perform a control based on the
thermostatic operative temperature, which is a fityacalculated by the software as the avarage éetw
the mean radiant temperature and the air temperatiithe zone. This enabled to perform the energy
simulations assuming a thermostatic control basetth® calculated operative temperature.

The second aspect is easily neutralized througtnalosure with the same thermal insulation fohbot
systems (this is not obvious for various reasdms:radiant systems always require an insulatioerltyat
may not be present in the reference building; tisilation is placed also in internal constructiotng
radiant system, even if well insulated, may loosathtowards the external side of the building wken
represents an envelope component).

The third aspect deals with how the HVAC equipmeats taken into account in heat balance
calculation. Calculation methods were developeidtigrate into the air heat balance method (wlidhe
heat balance solution algorithm used by EnergyBhdapplied in the present work) a radiant heéadimdy
cooling model (Strand and Pedersen, 2002): theamadiystem affects the surface temperature of a
floor/ceiling/wall and it enters the radiative ati convective heat balance of the enclosure. Thlelgm
of the convective/radiative nature of the air cdioding equipment is more important for heating and
cooling load calculations than for energy requiretrealculations (ASHRAE 2009).

As regards the last aspect, different energy requeénts of the radiant system and of the reference
system may be obtained as a result of equipmerttatcend thermal inertia. This aspect is partidylar

important with low loads and in mid seasons, whdéd and cold day may alternate and an equipmerit wit
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a low thermal inertia may assure a better perfomaahan high inertia equipments. To overcome this
drawback, a suitable control strategy should becsetl for the radiant system (Olensen 2002). Ralcti
examples of control strategies for both heating emaling by means of a floor radiant heting systnem
discussed by Simmonds (1994), while Leigh and Mae€(1994) provided a comparative study of varius
approaches for radiant floor heating system control

Within this picture, scope of this work is not oty carry out a comparison between the energy and
environmental performances of radiant systems aredesience system, but also to provide a procetture

be followed when this comparison is performed.

METHODS

The energy models of both buildings, one case stggypped with the reference system and the other
equipped with the radiant system and a dedicatédoou air system, were built and simulated into the
energy simulation software EnergyPlus v. 3.1.0. $bftware is based on the air heat balance method t
determine the loads of each building thermal zond aan model the most common systems and
equipments.

The modelling of the low temperature radiant heglilgh temperature radiant cooling system is
performed in EnergyPlus by means of an object niogleh circuit of hot/ cold fluid through pipes
embedded in a floor, ceiling or wall. The embeddetht source or sink is included into the one
dimensional heat transfer which is calculated thhothe conduction transfer function method. Thé ful
description about the radiant equipment simulatian be found on Strand and Pedersen (2002) antaeon t
Engineering Reference of the EnergyPlus manual.

Typical weather conditions of Rome, Milan, Londdrsankfurt, Madrid, Athens, Helsinki and
Moscow locations refer to the IWEC (Internationaé&ther for Energy Calculation) database of climatic

data.

The building benchmark model

One of the DOE new construction commercial buildimgnchmarks was adopted as a reference
building. The selected building is the “small sizifice”: a one floor rectangular office building,ittv a

total floor area of 511 (5500 ff) It is partitioned and modelled into 5 conditiormmhes (height 2.74 m



(8.99 ft)): one central zone and four perimeterezoand ; moreover, there is an unconditioned &ktie.
internal gains, the building schedules of occuparagctric equipment and electric lighting and the
building envelope characteristics are those ob#rechmark model.

As regards the building envelope characteristibg, thermal resistance of the walls, roofs and

windows is doubled when Helsinki and Moscow loaasiare simulated.

The reference system #1: all-air system

The reference air conditioning system is a multiewariable air volume (VAV) system with reheat
coils in each thermal zone (Figure 1a). In heatimgde, in each conditioned zone a VAV damper and
reheat box adjusts the flow rate and temperatutkenéir supplied as a consequence of the heatady In
cooling mode, the air is provided at the centrall@p at 13 °C (55.4 °F) and then distributed itlie
zones; the VAV dampers adjust the flow rate. Thegrostat set point is a dual set point with deattiba
based on the values of 21 °C (69.8 °F) (with eaek at 15,6 °C (60 °F)) for heating and 25,5 °C.97F)
(with a set back at 30 °C (86 °F)) for cooling.

A thermostatic control based on operative tempegattas selected in order to perform the comparison
between air system and radiant systems. The théaunasject controls the flow rate of the radianstsyn
on the basis of a calculated operative temperaiuis. temperature is an avarage between air teryvera
and mean radiant temperature of the zone.

In addition to the thermostat, a humidistat comstrthle relative humidity of the core zone, providing
humidification (by means of an electric steam hiifidd placed in the main air loop) when relative
humidity falls below 45 % and dehumidification (lmeans of the cooling coil placed on the main ap)o
when the relative humidity increases above 60%aA®nsequence, the relative humidity of the zone is

always between 45% and 60%.

Figure 1. Control loops of a) All-air system. b)Feoil. c) Radiant system + DOAS and primary

system#2.

There are two water loops, one for the hot watet ane for the chilled water, set at the design

temperature of 80 °C (176 °F) and 7 °C (44.6 °Bpeetively. These temperatures were selected &r ¢od



limit the sizes of the heating and cooling coilsl dreat exchangers. The loops are fed respectively b
condensing boiler and an air-cooled vapor compoasshiller equipped with a reciprocating compressor
The characteristics of the primary system equipnaeatsummarized in the table 1. In this table tted
efficiencies are listed, while the actual efficimscdepend on the part load and operation conditftiaid
temperatures, etc...) at each time step. The degigmd water loops flow rates, the sizes of théscdans

and the other primary and secondary equipmentwtosiaed by the simulation program EnergyPlus.

The reference system #2: fan coil system

The performance of a fan coil reference systenuféglb) was also compared to the performance of
the radiant systems. Each conditioned zone hascadair unit that is a four pipes fan coil thatriedeled
separately by means of a heating coil, a cooliry acconstant volume fan and an outdoor air miXdre
outdoor air flow rate is set equal to the freshvantilation requirement, that is fixed in the blemark
specifications and equal in all the various systéraswere simulated.

The thermostat set point is, as in the previous,caslual set point with dead band based on theesal
of 21 °C (69.8 °F) (with a set back at 15,6 °C {B)) for heating and 25,5°C (77.9 °F) (with a satlbat
30 °C (86 °F)) for cooling.

Also in this case, a thermostatic control basedhenoperative temperature was selected in order to
perform the comparison between the fan coil sysiaththe radiant systems.

In a fan coil system, there is no possibility tafpem a air humidification, so the indoor air rélat
humidity is not controlled during the heating seasburing the cooling season, even if the indoaor ai
relative humidity is not mechanically controlletidte is not a humidistat that senses the indoaditons
and activate the system response) the air — wiiahmixture of outdoor air and recirculated indaior is
partly dehumidified while passing through the coglcoil of the fan coil.

There are two water loops, one for the hot watdckvberves the various heating coils of the foraied
units and one for the chilled water which serves\thrious cooling coils of the forced air units.eTtot
water is supplied to the heating coils and to theing coils respectively at 80 °C (176 °F) and (24.6
°F). As usual, these temperatures were selecteriir to limit the sizes of the heating and coolings.

Similarly to the plant of the all-air system, theotloops are fed respectively by a condensing boile

and an air-cooled vapor compression chiller equdppi¢h a reciprocating compressor. The charactesist



of the primary system equipment are the same & thbThe mean seasonal efficiency of these coersert
may vary as a consequence of the actual workingditons in the fan coils system. The water loomsvfl

rates, the sizes of the coils and fans are autb$ige¢he simulation program EnergyPlus.

The radiant floor/ceiling system

In this case the building is equipped with a radtemating and cooling floor or ceiling (both cases
analyzed) system, coupled with an air system that used only for ventilation and
humidification/dehumidification purposes (Figure).ldhe two zone equipment works together to
condition the air of each zone: the priority isigsed to the hydronic radiant system. The therniasta
point schedules and control are the same of the \¢adé.

The radiant floor is situated above an existindp $laor. It is placed over an insulation layer @& @m
(7.87 in.). The hydronic tubing diameter is 17 n0v669 in.) and is contained in a gypsumrtarlayer of
3.5 cm (1.38 in.). The floor finishing is a cerartile.

The radiant ceiling is a closed ceiling of 23 mnA@® in.) depth, made of a graphite layer between a
steel sheet (towards the conditioned zone) andawetate. The hydronic tubing is made of PE andéhas
diameter of 10 mm (0.394 in.).

Both floor and ceiling are variable flow low tempgirre radiant systems; the inlet water temperasure
fixed to 55 °C (131 °F) for heating and to 18 °@.66°F) for cooling.

The main air stream is similar to the one for teference case, but there is only outside freshrair
supplies the zones with constant air flow whickal®0.275 n¥s (582.7 cfm). In the cooling mode for the
air conditioning system, the primary air may bedigul at temperatures below the indoor air tempeeat
set point to avoid a waste of thermal energy fatyhmating after the cooling and dehumidificatitagss.

The reason of the use of a ventilation system @zlfw the radiant systems is the necessity to both:

- provide the fresh air to the building (windows aealed and in any case natural ventilation weill b
uncontrolled);

- control the indoor air humidity ratio, which istnonly important with reference to the occupants’
thermal comfort, but extremely important in the loog mode for the continuous operation of radiant
ceilings and floors and avoid water condensatidre Water vapour condensation is avoided becaussarthe

system keeps the air relative humidity below 608602 RH and 24 °C (75.2 °F) air temperature, the d



point air temperature is approx 15 °C (59 °F) aimdes the radiant floor/heating is fed by water &t°C
(64.4 °F) the condensation never occurs.

Three different primary systems were considerec fiitst one (table 2) is designed similarly to the
baseline system: a condensing boiler and an ailedazhiller are used to cover the radiant flootfngihot
water and chilled water loops. These two convereesdifferent to the others that serve the aip)dbus
exploiting the benefits of a moderate fluid workitegnperature for both the boiler and chiller. Awet
primary system (table 3) has a high efficiency gibsource reversible heat pump that serves foamadi
heating and cooling, thus taking advantage not ohmoderate working temperatures of the fluidsddsb
of constant temperature heat source and sink.liirgthird option (table 4) is to consider the sibsity

of covering the radiant system cooling energy deifanmeans of a ground/pond water free cooling.



Table 1. Reference primary system Table 2. Primary system #1

Thermal Rated Thermal Rated
level efficiency level efficiency
Condensing boiler | 80 °C (176 °F) 0.95 Condenbiiter | 80 °C (176 °F) | 0.95
Air-cooled chiller 7 °C (44.6 °F) 3.1 Condensingler | 55 °C (131 °F) 1
Air-cooled chiller 7 °C (44.6 °F) 3.1
Air-cooled chiller 18°C (64.4°F) 3.5

Table 3. Primary system #2 Table 4. Primary system #3
Thermal Rated Thermal Rated
level efficiency level efficiency
Condensing boiler 80 °C (176 °F 0.95 Condensiteb 80 °C (176 °F) | 0.95
Reversible heat pump| 55°C (131 °H) 4.05 Heat pump 55°C (131 °F) | 4.05
Air-cooled chiller 7 °C (44.6 °F) 3.1 Air-coolediitler 7 °C (44.6 °F) 3.1
Reversible heat pump| 18 °C (64.4 °F) 6.50 Grounemweee cooling | 18 °C (64.4 °F) -

RESULTS: THERMAL COMFORT ANALYSIS

Even though the set point temperature schedules@mdol types of the air conditioning systems are
always the same, the behaviour of each systemt¢dine thermal inertia of the heat transfer compdsie
the flow rate control, etc...) is different and mawgd to slightly different air temperatures and

heating/cooling energy demand, especially in tlse cd a dual set point with a dead band.

Since the final scope is contrasting the energgeored by different systems over a long periodroétia
long term thermal comfort analysis, for Rome lomatibased on the simulated data, was developediar o
to demonstrate that the level of thermal comfoergateed by the two systems is the same. Thisruutes
mean that the thermal comfort conditions, nor fihéeaperature, are always strictly equal betwden t
three simulations (all-air, rad floor, rad ceiling)t it allows a comparison to be made. The lomgnte
thermal comfort analysis is based on the opera¢irgerature of the core zone of the building and wa
evaluated as reported in the standard EN 15251 (QHEOB). Among the three categories of thermal
comfort quality, category Il was selected becatiseincides with the satisfactory level of previous
international standards (e.g. EN ISO 7730) andlapted worldwide when thermal comfort is concerned
(e.g. — 0.5 < PMV < + 0.5). A performance index) @sociated with the category represents the
percentage of values of operative temperaturesigagécupied hours that fall within the acceptapilit
range of the category. An indoor environment ispaiged to belong to a certain category when Pl lisazst

90%.



Figure 2a. Thermal comfort PI for the all-air systavinter.

Figure 2b. Thermal comfort PI for the all-air syatesummer.

Figure 3a. Thermal comfort PI for the fan coil gystwinter.

Figure 3b. Thermal comfort PI for the fan coil st summer.

Figure 4a. Thermal comfort PI for the radiant flegstem winter.

Figure 4b. Thermal comfort PI for the radiant flegstem summer.

Figure 5a. Thermal comfort PI for the radiant cgjlsystem winter.

Figure 5b. Thermal comfort PI for the radiant ¢elsystemsummer.

The frequency of the occurrence of the operativeperatures are reported in figures 2 to 5. In each
figure the performance index for category Il (20;024,0° C for winter thermal comfort and 23,0°6;®
C for summer thermal comfort) is indicated (wins®mason lasts from 15th November to 15th March,
summer season lasts from 15th May to 15th OctoBeo)n the thermal comfort analysis, it can be deduc
that the thermal comfort level is equal among th€ous systems because the category Il performance

index is always greater than 90 %.
RESULTS: ENERGY ANALYSIS

Provided that both radiant heating and cooling&yst guarantee the same quality level of thermal
comfort with respect to the all-air systems, thenparison between the reference systems and thantadi
system was made in terms of:

* energy delivered to the zone, that is the enatgyplied by primary systems to the secondary
system equipment;

e energy sources fed to the primary system.



Comparison in terms of delivered energy

The heating energy, cooling energy (at variousntiaevels) and electricity that are required by th
demand side components (coils, pumps, fans, etthecair and water loops are reported in deta#san
example, for Rome, London, Frankfurt and Madrichtimns in tables 5 to 8, and are reported in atgcap
comparison by means of a bar graph, where theatelivenergy is divided by the conditioned flooraia
tables 9 to 10. Compared to the all-air system, rdiiant systems for Rome show lower energy
requirements for air and water circulation in thegds (fans and pumps). While the energy for heatasy
increased, compared to the all-air system, a remlucff 11% and 15% respectively for radiant flooda
radiant ceiling can be obtained in the deliveredliog energy for space cooling, fresh air coolimgla
humidity control of the indoor environment.

The fan coil system has generally an energy remérd equal (e.g. in London and Frankfurt
locations) or lower than the all-air system (e.gnf® and Madrid locations). This latter case ocdors
mild climates when the cooling energy is greatemtthe heating energy, because the fan coils pgovid
only a partial dehumidification of the outdoor aigntrarily to the all-air system. This fact hashtaken
into consideration also when comparing the delidee@ergy requested by the fan coil system to the
delivered energy requested by the radiant syst@gein, this is particularly evident in mild climatésee
for example the case of Rome) where the energysnémdspace cooling and air dehumidification are
greater than in cold climates. In general, for fdue coil systems the absence of the air humidificain
winter season is one of the reasons of a geneddtizeer total delivered energy requirement.

The comparison between radiant floor and radiailingealso points out that the radiant ceiling eqer
requirement is smaller due to the lower thermaktiaeof the terminal equipment that allows a finest
thermostatic control, thus minimizing the overhegtiand the overcooling and the related energy
requirements. This is true in particular for cliestin which the cooling requirements are relevary. (
Madrid). For radiant floor and ceiling systems ther also a general reduction in the electricitydis and

water movement in the loops.

Comparison in terms of site energy, source energy, operation cost and CO2 emissions
In table 11 the site energy consumed (natural gak edectricity), the source energy, the cost for

energy sources purchased and the carbon dioxidssems are reported, for Rome location, for the



reference system and for the radiant floor. Foheradicator, the percentage reduction with respecthe

all-air system is evaluated; each of the threeediffit primary systems (# 1, 2 and 3) is considered.

Primary system # 2 has a high efficiency grounds®ueversible heat pump, thus taking advantage

not only of moderate working temperatures of thid but also of constant temperature heat sourde a

sink. Primary system # 3 is similar to the systeghiBtit covers the radiant system cooling energgnbgns

of a ground/pond water free cooling. The reductionall the three indicators are quite importarg {o the

50% and still greater for the radiant ceilings) ooty as an effect of the greater efficiency of gramary

system installed. Looking through the results oftla¢ locations, for the primary system #2, reparite

table 12, it should be noted that the reducticmy as a function of the weighting factors for #ietty

assumed from Hastings and Wall (2007). In the cdisadiant ceilings, the reductions are still gezdup

to 60%) because there is also a reduction in teeggmequirements of the secondary system.

Table 5. Rome location

Delivered energy [kWh] All-air Fan coil Radiant Radiant
system system floor ceiling
Air Heating Energy (80 °C (176 °F)) 7759 7560 5979 5630
Radiant Heating Energy (55 °C (131 °F)) 0 0 5142 3948
Air Cooling and dehumidification Energy (7° C (44)) 25561 19963 8733 8345
Radiant Cooling Energy (18 °C (64.4 °F)) 0 0 14003 13395
Electricity for air (fans) and water (pumps) loops 3748 3192 2348 2206
Electricity for humidification 1847 0 1833 2058
Table 6. London location
Delivered energy [kWh] All-air system Fan coil Radiant floor | Radiant ceiling
stem
Air Heating Energy (80 °C (176 °F)) 23671 = 24386 9457 8552
Radiant Heating Energy (55 °C (131 °F)) 0 0 12808 10428
Air Cooling and dehumidification Energy (7 °C) 4163 3201 1541 1147
Radiant Cooling Energy (18° C) 0 0 3176 3780
Electricity for air (fans) and water (pumps) loops 1890 2923 2059 2011
Electricity for humidification 4109 0 2481 2901
Table 7. Frankfurt location
Delivered energy [kWh] All-air system | Fan coil Radiant Radiant
system floor ceiling
Air Heating Energy (80 °C (176 °F)) 28394 30567 12199 10453
Radiant Heating Energy (55 °C (131 °F)) 0 0 17435 14242
Air Cooling and dehumidification Energy (7 °C (44F)) 7479 6018 2599 2146
Radiant Cooling Energy (18 °C (64.4 °F)) 0 0 5109 5552
Electricity for air (fans) and water (pumps) loops 2431 3187 2137 2061
Electricity for humidification 5757 0 3170 3541
Table 8. Madrid location
Delivered energy [kWh] All-air system | Fan coil Radiant Radiant
system floor ceiling
Air Heating Energy (80 °C (176 °F)) 12049 11592 7599 6932
Radiant Heating Energy (55 °C (131 °F)) 0 0 7700 6055
Air Cooling and dehumidification Energy (7 °C (44)) 21728 18344 6252 5244




Radiant Cooling Energy (18 °C (64.4 °F)) 0 0 13099 12946
Electricity for air (fans) and water (pumps) loops 5104 4555 2402 2224
Electricity for humidification 6124 0 5421 5398




Table 9. Delivered energy results for the Rome and London locations
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Table 10. Delivered energy results for the Frankfurt and Madrid locations

Frankfurt Madrid
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Table 11. Rome location results (baseline system and radiant floor)

System description Energy sources [kKWh] Primary rgymeEnergy CO, emissions
[kWh] Cost [€] [kgcod
. Natural gas 8094 8094 566.58 1627
All-air system —
i Electricity 24103 52304 3856.48 11087
(baseline)
Total 60398 4989.64 12714
Natural gas 10816

Primary | Electricity 12122
system #1| Total 37120 2696.61] 7750
Compared to all-air system -39% —46% —39%

Natural gas 5920

Radiant | Primary |Electricity 11169
floor system #2| Total 30157 2201.50 6328
Compared to all-air system - 50% —56% —-50%

Natural gas 5920

Primary | Electricity 8709
system #3| Total 24818 1807.79 5196
Compared to all-air system —-59% - 64% - 59%

Table 12. Results for all the locations (with the primary system #2)

Rome Milan London| Frankfurt Madrid Athens Helsink Moscow

Natural gas 8094 | 22514 24769 29717 12572 5369 43728 44147

= o | Electricity’ 24103| 21226 13446 18791 33989 34402 15199 17678
<w CO, emiss’ 12714| 14289 12643 18187 19497 32041 16389 22663
Natural gas 7872 | 24886 25461 31975 12076 4963 45153 46535

83 Electricity® 22092 | 17128 1004 13357 27467 30424 9731 12300
Lo CO, emiss’ 11744| 12881 10841 15109 16161 28559 13p41 18948
_ | Natural gas 5920| 10851 10392 12237 7999 55pR7 22539 25511

K S Electricity’ 11169| 13078 9104 11729 15194 14409 11161 12600
= CO, emiss’ 6328 8197 7278 1008B 9205 140[79 10111 14055
< | Natural gas 5574 9683 9007 1048p 7296 5199 17466 18440

K T Electricity’ 10912 10984 8814 11071 14000 13440 10275 11286
@ o CO, emiss’ 6140 7621 6836 9304 8446 13141 8648 12510

" measured in kWh
8 measured in kWh
# measured in kg

DISCUSSION

From this study, it can be deduced that the adoptiba radiant system coupled with a suitable
primary energy system, always results in a redoctibexploited energy sources, of purchased energy
ware costs and of carbon dioxide emissions in coisgawith an all-air system. The greatest redunctim
carbon dioxide emissions (up to 60%) can be acHiavelimates where the energy demand for cooling i
higher than the energy demand for heating. In cbidates the reductions is smaller but always ugGe
30 %. Similar considerations can be made by compadiant system performance and fan coils. Since

the latter has an electricity requirement alwayselothan an all-air system (the highest reductian be



appreciated for Madrid location), the reductionseimergy sources consumptions and,Gfnissions

achievable by a radiant system are slightly lowantin the previous cases, but still at least 30%.
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