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Abstract Plenty of technical norms, included in the
EPBD umbrella, assesses the performance of build-
ings or its sub-systems in terms of efficiency. In
particular, EN 15316 and its sub-sections determine
the efficiency factors of a space heating system. This
paper focuses on the estimation of efficiency fac-
tors for hydronic panel radiators. The assessment of
efficiency factors occurs by evaluating the amount
of heat emitted from the heat emitter and the ther-
mal losses towards building envelope. A factor that
influences the heat emitted is the location of radia-
tor connection pipes. Connection pipes can be located
on opposite side or at the same side of the radiator.
To better estimate the heat emitted from the radiator
with different location of connection pipes, a tran-
sient model with multiple storage elements is imple-
mented in a commercial building simulation software
and validated versus available experimental measure-
ments. Sensitivity analysis encompasses the variations
of heat losses due to the building location in different
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climates, the changing of the active thermal mass and
the type of radiator local control. The final outcome
of this paper is a practical support where designers
and researchers can easily assess the efficiency fac-
tors for space heating system equipped with hydronic
panel radiators of buildings located in Sweden. As
main results, (i) the efficiency factor for control is
higher in Northern climates (Lulea) than in South-
ern climates (Gothenburg), (ii) heavy-weight active
thermal masses allow higher efficiency factors than
light active thermal masses, and (iii) connection pipes
located on the same side of the hydronic panel radiator
enable higher efficiency factors than pipes located on
opposite side.

Keywords Hydronic panel radiator - Efficiency
factors - Connection pipes - Transient model with
multiple storage elements - Climate - Active thermal
mass

Nomenclature

Symbols

m Mass flow rate kgs~!
H Radiator hight m

L Radiator length m

Q Heat loss kWh
T Temperature K
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a, Coefficients Superscripts

NG Time step S

0 Heat flow/ heat transfer rate = W n Radiator exponent

n Efficiency factor Acronyms

A Air heat conductivity Wm~!K™!

¢ Relative humidity % ICE Indoor climate and energy

o Density kg m™> IDA Implicit Differential Algebraic equations

A Surface area m? solver

b Channel thickness m ACH  Air Change per Hour

cloud  Cloudiness % EPBD  Energy Performance of Buildings Directive

C Capacitance JK! HVAC Heating Ventilation Air Conditioning

c Specific heat capacity kg~ 'K PI Proportional Integral

d Diffuse radiation Wm—2

d Direct radiation Wm—2

Gr Grashof number Introduction

K Total heat transfer coefficient Wm™2K™!

M Mass kg According to EN 15316-1 (2007), the efficiency in

nCap  Number of capacitance buildings is a performance indicator of space heat-

Nu Nusselt number ing system or its sub-systems (the hydronic radiator)

Pr Prandtl number which “‘serves as practical and straightforward com-

u Thermal transmittance Wm?K™! parison of effectiveness of systems or sub-systems of

v Wind velocity ms~! different types and/or different sizes”.

Subscripts This’ paper is focusc?d on the efficiency factors
(extensively explained in the “Method to calculate

air Air the efficiency factors for free heating surface (radi-

back-wall Back-wall ator) according to EN 15316-1,2-1 (2007) named as

brick Brick “German Method™” section of a space heating system

cei Ceiling when the heat emitter is a hydronic panel radiator.

conv Convective Recent studies proposed by Maivel and Kurnitski

con Concrete (2014) have investigated efficiency factors of the heat-

ctrl Control ing systems according to EN 15316-1 (2007) and EN

embed Embedded system 15316-2-1 (2007). The values of efficiency factors

em Emission were referred to different house typologies (detached

exh Exhaust houses and apartments) located in different climates.

fld Fluid (liquid) The buildings were modelled by using dynamic build-

front Front towards the room ing energy simulation software with careful attention

ideal Ideal to the thermal losses of the distribution system and

inc Increased/decreased the hydronic radiator was modelled with steady state

In Logarithmic model.

met Metal According to Myers (1971), steady state models

N Nominal suffer from some serious limitations, for instance,

out Outdoor they do not consider the heat stored in the ther-

set Set-point mal unit. Instead, a transient model stores thermal

str Stratification energy into the thermal mass which is released later

sup Supply towards the indoor environment. Tahersima et al.

surf Radiator surface (2010, 2013) show a transient model of radiator in

tot Total which both temperature of exhaust flow and heat emit-

win Window ted are time dependent and they evolve during the

wood Wood charging/discharging phases of the radiator. The heat
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emitted influences the behaviour of room tempera-
ture, which is an essential parameter to calculate the
thermal losses through the building envelope.

Stephan (1991) and Holst (1996) showed a simula-
tion model of hydronic panel radiator where the total
heat transferred towards the environment depends on
the amount of mass flow rate. In fact, when the mass
flow rate supplied was less than 2% of the nominal
mass flow rate (g <0.02 maqgN) with (Tsgpn =
90°C, Texn,n = 70°C, Tyir,n = 20°C), the temperature
of exhaust flow is equal to the indoor temperature and
the calculations of the heat emitted are equal to the
heat supplied to the thermal unit.

Furthermore, hydronic panel radiators have differ-
ent location of connection pipes. For example, Fig. 1a
shows the structure of a panel radiator when the con-
nection pipes are located on the same side and Fig. 1b
when connection pipes are located on the opposite
side. The location of connection pipes does not affect
the way of the hydronic panel radiator is physically
built but the way in which the heat is emitted towards
the environment. In fact, the hydronic panel radiators
presented are made with two horizontal channels (sup-
ply and exhaust lines) connected by vertical pipes.
These two types of hydronic panel radiator will be
analysed in the current paper.

Connection pipes positioned at the same side make
the charging process of the panel from left to right or
vice-versa as shown in Brembilla et al. (2015a). It is
possible to notice in Fig. 2a, b the supply flow enters
into the top right corner, it drops down along the pipe
lines and exiting from the bottom right corner.

Jan¢ik and BaSta (2012) show in their study a
hydronic panel radiator with connection pipes located
on opposite side. The heat was supplied on the top left
corner and the outlet pipe was located on the bottom
right corner. The thermal imaging shows how the heat
is distributed on the panel surface and most likely the
charging phase of this type of radiator is performed
from top towards down.

According to the previous studies, there is lit-
tle research which assesses the heat emitted from

Fig. 1 Location of a

hydronic panel radiators connected with different
location of connection pipes.

A sophisticated model of hydronic panel radiator
is needed to encompass details that influence the heat
emitted from the radiator and consequently affect the
efficiency factors.

The scope of this paper is to determine efficiency
factors for a space heating system equipped with
hydronic panel radiators and to compare them among
different technical choices for buildings located in
Sweden. This paper clarifies which type of connec-
tion pipes, located on the same or on the opposite side
of the hydronic panel radiator, provides the best effi-
ciency factors for a space heating system. To achieve
this goal, a transient model of radiator with mul-
tiple storage elements, based on the merge of two
existing models developed by Bring et al. (1999)
and Brembilla et al. (2015a), is programmed in IDA
ICE vers. 4.7 environment. The hydronic panel radi-
ator model takes into account: thermal energy stored
in the thermal mass, time of charging/discharging of
thermal unit, thermal losses towards the radiator back
wall, convective and radiative heat from the hydronic
panel radiator and location of connection pipes. The
hydronic panel radiator model is then applied to a
building simulation model of a room to calculate the
thermal losses towards building envelope and the effi-
ciency factors. The main result is a table filled by
values of efficiency factors proposed as more compre-
hensive and detailed approach on this topic.

Methodology

This section explains the methodology used to assess
the thermal losses towards building envelope and
to calculate the efficiency factors among different
hydronic panel radiators. In particular, the “Method to
calculate the efficiency factors for free heating sur-
face (radiator) according to EN 15316-1,2-1 (2007)
named as ““German Method™” section explains how to
compute the thermal losses and the efficiency factors

connection pipes. a Same
side. b Opposite side
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Fig. 2 Charging sequence a
of hydronic panel radiator
taken from Brembilla et al.
(2015a). a 18:45:15. b
18:51:15

of radiators. The “Transient model of the hydronic
panel radiator” section introduces the transient model
of the hydronic panel radiator used in the simulation.
The “Validation of the hydronic panel radiator model”
section describes the validation of the hydronic panel
radiator model versus available experimental mea-
surements. The “Step response test between hydronic
panel radiators with different location of connection
pipes: comparison between the heat emitted” section
describes the step response test between the hydronic
radiator with different location of connection pipes.
The “Brief overview of the building simulation
model” section introduces a brief overview of the
building simulation model. The ‘“Simulation plan”
section describes a simulation plan for the case inves-
tigated.

Method to calculate the efficiency factors for free
heating surface (radiator) according to EN
15316-1,2-1 (2007) named as ‘“German Method”

The efficiency method, explained in EN 15316-1
(2007), standardizes the heat input and the thermal
losses towards the building envelope for a space heat-
ing system. The thermal losses are needed to calculate
the efficiency factors of the space heating system.
The variation of thermal losses due to the climate,
type of heating system and type of building struc-
ture are discussed later in the “Simulation plan”
section. The thermal losses towards building envelope
are as follows: heat loss due to non-uniform inter-
nal temperature distribution Qem s and heat loss due
to the control strategy Qem i1 as shown in Fig. 3a.
Qem,str 1S split between the heat loss resulting in
an increased/decreased internal temperature nearby
the boundaries of the control volume considered (the
room) Qem,str1, and the heat loss due to the emitter
position Qem,str2-

Qem,str refers to the heat loss adjacent to the ceil-
ing Qem,cei Where the indoor temperature is affected

@ Springer

18:45:15

b

18:51:15

by stratification effect. In this context, the Technical
Standard address also as stratification heat loss the
heat lost through windows Qem,win, Where the indoor
temperature is affected by cold surfaces. Qem,si2 1S
referred to the heat loss towards back wall of the radia-
tor accounted as convection and the radiation as shown
in Fig. 3b.

For both terms, Qem str 1 and2, the technical norm
specifies how to calculate them by applying the gen-
eral equation for the transmission heat lost as shown
in Eq. 1.

Qem,str,i = EAi : Uinc,i : (Tair,inc,i - Tout,i) - Af (1)

The technical standards consider the transmission
losses because the mechanism of convection between
the air volume and the internal surfaces, and the radi-
ation among room internal surfaces happen inside of
the control volume analysed. The example of control
volume can be found in Fig. 3b. Equation 1 considers
the locally increased/decreased of indoor tempera-
ture Tintinc, and the locally increased/decreased of
heat transfer coefficient calculated from the insula-
tion material towards the internal surface Uj,.. Most
likely, Eq. 1 can be applied at the results of room
models developed with computational fluid dynamic
software. It is not obvious to calculate the locally
increased/decreased of indoor temperature by using
building energy simulation software. For this reason,
Teei and Tyip, the temperature of internal surface of
the ceiling and of the window, replace Tyir,inc in Eq. 1
by using the same heat transfer coefficient U; of the
structureconsidered. Special consideration is due to
the increasing of indoor temperature nearby the ceiling.
According to the Annex A.2 of EN 15316-1 (2007),
the efficiency factor for over-temperature nearby the
ceiling is of 0.95% with heating curve of 55/45°C
and AT = 30K for radiators. The increase of indoor
temperature near the ceiling is considered constant
throughout the simulation time.
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Qem,ctrl

Tset

Qem,ideal,ctrl

Fig. 3 Heat losses. a Control. b Stratification

The heat loss due to the control of indoor tem-
perature Q. refers to the non-recoverable heat over
the room temperature set point. A non-ideal con-
trol causes variations and drifts around the prefixed
set-point temperature due to the physical characteris-
tics of control system, the heating system itself and
the sensor location. In this paper, to simplify the
problem the sensor only detects the behaviour of air
temperature.

According to the standard EN (EN 15316-2-1 2007),
the efficiency factors for stratification nem,str, 1and2 and
control nem,cir can be quantified with the ratio between
the heat loss calculated with an ideal heating system
over the heat loss of the real case as shown in Eq. 2a
and b. The ideal case calculates the energy demand for
heating the living space according to the EN 13790
(2008). The indoor temperature is kept constant (or
approximately constant) over the heating period. The
room is equipped with both ideal control and ideal
heating system. This means that, the heating system
does not consider eventual delays from the control,
the heat stored in the heat emitter and the heat emit-
ted from distribution pipes. The heat gains from sun,
occupancy, electrical appliances, lighting and mechan-
ical ventilation are the same for both real and ideal
cases.

Qem, ideal,str1 /2

(2a)
Qem,str1/2

Nem,strl/2 =

Qem,ideal,ctrl

(2b)
Qem,ctrl

Nem,ctrl =

b Qem.str. 1

Tw  [HTEEEREEEEEEEAR]S

Tair

; | | . .
Qem,str,Z <1 Radiator I
1 1
et i e 3
Control Volume /

The total efficiency factor of the space heating sys-
tem can be calculated by using the expression in Eq. 3
as states in Section 7.2 of EN (EN 15316-2-1 2007).

1
Nem = (3
o 4 — (nem,str + Nem,ctr + Tlem,embed)

Nem,embed has the value of 1 since the radiator does
not have pipes embedded into the building structure.
The term nem st 1S the average value between nem strl
and nem,str2-

Transient model of the hydronic panel radiator

The model is developed in junction with IDA ICE. The
radiators are modelled as isothermal surface commu-
nicating with the zone model by temperature and heat
flux interface. Therefore, one surface is modelled as
the mean temperature of all metal. This simplification
is due to the relatively high thermal conductivity of the
metal in comparison with the fluid thermal conduc-
tivity. However, to capture the dynamic performance,
the radiator fluid is modelled with several elements
connected in series. The radiator thermal characteris-
tics (nominal power, the power n, etc.) are read from
technical catalogue. The heat emitted from the radi-
ator is estimated on the basis of the radiator thermal
characteristics using the air temperature and the water
drop temperature. Finally, the surface temperature is
obtained on basis of the difference between the esti-
mated heat emitted and the total heat transfer at the
model interface.

The supply line is positioned at the top corner Tgyp,
whereas the exhaust line is positioned at the oppo-
site bottom corner Texy. The temperature of supply
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flow of the i-th element is the exhaust temperature
of the (i-1)-th element. When i = 1, Tgqq,0 is the Tgyp
into the radiator. Thus, the heat flow supplied at each
capacitance qup, i can be identified as follows:

Osup,i(0) = g - cqa - (Ta,i—1(0) — Trai(®)) (@)

where mgq is the mass flow rate of fluid supplied to
the radiator, cqgq is the specific heat capacity and the
fluid temperature Tgq ; at different i-th capacitance.

The model calculates the temperature of each fluid
capacitance Tpgq; as difference between the heat flow
supplied qup,i to each capacitance and the heat out of
each fluid capacitance Qﬂd’i as shown in Eq. 5.

Cna  dTng.i(0)
nCap do

where Cgg = Myyg - cad, is the total capacitance of
the fluid inside the radiator and nCap is the number of
capacitance.

The model calculates the heat loss from the fluid
Qﬂd’i as shown in Eq. 6.

Ktot
nCap

where the total/equivalent heat transfer coefficient of
the radiator Ky is to Eq. 7.

. . n
Ox - (5724)
L-H - |(Tf1a.i(0) = Tair©))|
L and H are the radiator geometric parameters,
length and height, and Qy is total heat emitted by the
hydronic panel radiator at nominal condition.
The logarithmic temperature difference in Eq. 7 is
computed in Eq. 8.
Thq,i(0) — Tra,i+1(0) @)
T4, (0) —Tair ()
Thid,i+1(0)—Tair (6)
Equation 8 cannot be solved if the ratio between
the differences of temperature fluid-air is equal to 1.

Thus, Eq. 8 has to be replaced with the arithmetic
temperature difference as shown in Eq. 9.

Thd,i(0) + Thd,i+1(6)
2

The logarithmic temperature difference at nominal
condition ATy N is computed as in Eq. 8 with fluid
and air nominal condition.

The model calculates the temperature of radiator
surface Ty as difference between the total heat loss
from the fluid capacitances Elnzcla P Qﬂd’i and the total

= Quup.i(0) — Q14 (0) 5

Qnai(0) =

- (Tna,i(®) — Tair(9)) 6)

Kot = 0

ATii(0) =

AT; = — Tair(0) 9

@ Springer

heat emitted towards the surroundings Qtot as shown
in Eq. 10.

dTsurr(0) _ 2:nCap

o =
where Cpe is the capacitance of the metal part of the
hydronic panel radiator, and Tyt is the mean surface
temperature of the heat emitter.

The radiator model calculates the total heat trans-
fer from the surface towards the surroundings Qtot in
junction with with the zone model expressed as in
Eq. 11. The interface between models is the long-
wave radiation exchanged between radiator surface
and surrounding surfaces and convection at the radia-
tor surface with room air temperature node.

Quot(8) o (Tsuri(8) — Tair(H)" (11)

The total heat released into the thermal zone is
split into three components as shown in Fig. 4 the
heat towards back wall Qback—wall, the convective heat
QCOHV, and the heat towards the zone erom. Equa-
tion 12 shows this heat balance.

Qeonv(®) = Quot(0) — Qtront(®) — Qback—wan (@) (12)

The heat towards the back wall is driven by radia-
tion and convection. In this paper, we approximate the
heat lost with the mechanism of natural convection.
The mechanism of heat transfer by natural convection
towards radiator back wall depends on the tempera-
ture of back wall Tpack—wall, the air temperature in
the channel, the channel size b and its height H.
These parameters determine the Nusselt number Nu as
shown in Eq. 13 according to Nevander and Elmarsson
(1981) and Isfaelt and Peterson (1969).

Crnet - Qndi(0) — Q@) (10)

b\”
Nu:a~<Gr~Pr-—) (13)
H

The estimating of the heat transfer coefficient by
convection between the radiator and its back wall is
shown in Eq. 14.
hpack—wan = Nu - % (14)
where A, is the air heat conductivity.

Average values of temperature back wall, air tem-
perature, thickness and length of the channel give
an average heat transfer coefficient by convection
towards radiator back-wall of 3 Wm™2 K~!. The heat
transfer coefficient by convection is assumed constant
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Qcouv

Qhack-wall

T

._._.ﬁ_._._._._._._._._ﬂ._ ........... : Metal Mass

Tsup

1
1
1
!
up L
1
1
1
1

Qﬁom

i > Texh

Fig. 4 Radiator schema with connection pipes located on opposite side

throughout the simulation. The heat loss towards the
back wall is calculated as shown in Eq. 15.

Qback—wall @)= hback—wall A (Tsurf (9) —Thack—wall (9 ))
(15)

The convective heat Qconv is the heat released by
the hydronic panel radiator in the room by the con-
vective mechanism of circulation of indoor air. The
indoor air circulates in the room, it enters in the chan-
nel between the radiator and its back wall and then it
rises to the ceiling.

Qconv is calculated as the difference among the
other known terms of Eq. 12 since erom is computed
in the zone model.

Validation of the hydronic panel radiator model

The validation of the hydronic panel radiator model
is performed by comparing the simulated tempera-
ture of the exhaust flow during the charging phase
and heat emitted when the steady state condition is
achieved with the avialable experimental measure-
ments in Stephan (1991).

Stephan (1991) has made a step response test of
the hydronic panel radiator subjected to the sudden
increase of the mass flow rate. The experiment is
conducted in a booth which follows the technical
characteristic listed in the standard DIN 4704 nowa-
days replaced with EN 442-2 (2014). The technical
standard aims the measuring of the hydronic panel

radiator thermal output by specifying the laboratory
arrangements and testing methods.

For measuring the thermal output of the hydronic
panel radiator, the temperature of indoor air is kept
constant throughout the test by complying the steady-
state conditions. To ensure a constant profile of indoor
air, the booth is equipped with a cooling system inte-
grated in each booth surface. The integrated cooling
system enables to control the temperature of each
booth surface (unless the surface on the back wall of
the radiator) by fulfilling the steady-state conditions
of the test.

Each booth’s structure is made by sandwich pan-
els. The sandwich panel consists of three layers: a
steel panel with integrated the cooling system, insulat-
ing foam (80 mm of thickness with thermal resistance
of 2.5 m® KW~!) and an external steel sheet. The
wall behind the hydronic panel radiator has the same
sandwich panel but without the cooling system. The
cooling system shall be designed to limit the temper-
ature difference occurring among the cooled internal
surfaces in the range of +0.5 K. To ensure this, each
panel shall be supplied with a mass flow rate of at
least 80 kgh~! per each m? of surface. The booth has
two holes in the walls to guarantee water and elec-
tric connections between the hydronic panel radiator
and outside the room. Figure 5 shows a schema of
the booth and cooling system taken from EN 442-2
(2014).

A method to estimate the heat emitted from the
hydronic panel radiator is the weighing method.
The weighing method consists in the calculation of the

@ Springer
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Fig. 5 Booth and cooling
system. Image taken from
EN 442-2
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difference of enthalpy between the supply (inlet) and
return (outlet) of the fluid multiplied for the mass flow
rate. The enthalpy of the fluid at pressure and tem-
perature measured in the test is known from tabulated
values.

The hydronic panel radiator considered in Stephan
(1991)’s experiment has the nominal parameters listed
in Table 1 with connection pipes located on opposite
side.

The hydronic panel radiator model has the same
technical characteristics listed in Table 1. The exper-
imental measurements and the simulated results are
compared in Fig. 6 in terms of temperature of exhaust
flow against the time.

The difference of the heat emitted between exper-
imental measurements and simulated results is of
3.75% when the steady state condition is achieved.

Table 1 Nominal condition of hydronic panel radiator

Characteristic Symbol  Value

Nominal heat emitted O~ 1245 W

Exponent n 1.25

Metal mass Minet 18.7 kg

Fluid mass Mg 2.4 kg

Nominal mass flow rate my 1.484 x 1072 kgs~!
Metal specific heat capacity — Cmet 477 Jkg~! K1

@ Springer

Step response test between hydronic panel radiators
with different location of connection pipes:
comparison between the heat emitted

The hydronic panel radiator is positioned in a room
subjected to constant outdoor temperature kept at
—15°C throughout the simulation time. The choice to
keep the outdoor temperature at —15°C is random;
in fact, it can be chosen another value (in general
less than the value of supplied temperature to the
radiator), but it has to be stable throughout the sim-
ulation time by avoiding disturbances on the system.
The heat gains from electrical appliances, lighting,
occupancy, wind intensity and the sun are turned off

80

— Simulation
~o-Experimental measurements|

~
o

A OO O
o o o

Temperature [C]
(5]
o

1000 1500 2000 2500 3000
Time [s]

0 500

Fig. 6 Comparison between experimental measurements made
by Stephan (1991) and simulated results for outlet water
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Qconv

Qback-\\'all

Tsup

Texn

Metal Mass

T T.T.T. 3
| |
QCOt Q[OC

Fig. 7 Radiator schema with connection pipes located on the same side

during the test. The mass flow rate was increased to
0.01484 kgs~! at the simulation time 6 = 0. Before
this, the mass flow rate was of 2 x 10™* kgs~! and
the temperature of the supply flow was kept constant
at 83°C.

The same test has been performed on the same
type of hydronic panel radiator with connection pipes
located on the same side. It is assumed that the fluid
capacitance close to the connection pipes has a mass
flow rate 10% higher than the furthest capacitance
from the connection pipes. This type of hydronic radi-
ator has as temperature of exhaust flow; the flow
weighted average of exhaust temperature given by
different flows in each element.

Figure 7 shows the radiator schema when connec-
tion pipes are located on the same side.

The total heat emitted from the hydronic panel
radiator with different location of connection pipes is
shown in Fig 8. It is possible to notice that radiators
with connection pipes on the same side have slightly
higher heat emitted than radiators with connection
pipes located on opposite side. This means that, radi-
ators with connection pipes located on the same side
react quicker at variation of mass flow rate supplied
in comparison with radiators with connection pipes
located on the opposite side. In the long run, both heat
emitted from the two solutions reach the same value.

Brief overview of the building simulation model

The simulation model consists of a room adjacent
to other heated rooms. Ideally, no heat is transferred

towards the other conditioned rooms, thus all the inter-
nal walls, ceiling and floor have set the adiabatic
boundary condition. The performance of structure,
fenestration, HVAC system are listed in Table 2. The
room has a net floor surface area of 10 m> with
constant supply air flow at the temperature of 16°C.
The weekly schedules for occupancy, lighting and
electrical appliances are standard; the room is occu-
pied every day from 07.00 a.m. till 08.00 a.m. and
from 05.00 p.m. till 08.00 p.m. during the heating
period.

The room is provided with a mechanical venti-
lation system where the supply ventilation air flow
is mixed with the indoor air by obtaining a roughly
homogeneous temperature of the entire air volume.
Calculations were made to design the size of pipes for

—

o

o

o
T

Heat Emitted [W]
@
8

~©-Connection on the same side
—Connection on opposite side

0 500 1000 1500 2500

Time [s]

2000 3000

Fig.8 Comparison heat emitted among radiators with different
location of pipe connections
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Table 2 Building thermal characteristics

Characteristic Description Value Surface/power
Uvalue Exterior wall 0.15 WK~ Im=2 5 m?
Window 1.1 WK~ !m™2 1.5 m?
Mechanical ventilation Supply 201s™!
Air leakage rate gsopa 0.61s~!m~2
Exhaust 23 1s7!
Internal gains Occupancy 1 person S8 W
Lighting 8 Wm~2
Electrical appliances 5Wm2

the distribution system, the power required of circula-
tion pumps, and the power required from the radiator
and the power need of the air handling unit. The radi-
ator is connected to the storage system which consists
of a stratified hot tank. An electrical resistor inside the
tank guarantees the required temperature at the supply
fluid according to weather compensated heating curve.
Circulation pumps work according to a constant curve
of duty. The distribution pipes are supposed isolated
and integrated in the building envelope. A schema of
the building simulation model and HVAC system can
be seen in Fig. 9.

Simulation plan
The following section explains how the simulations

are planned to encompass the likely variations of ther-
mal losses due to different building technical choices.

The simulation plan consists of sensitivity analysis on
the building location, on the building envelope and on
the characteristics of the heating system.

The first sensitivity analysis was carried out by
locating the building in four different climates in Swe-
den: North, North-Central, South-Central and South.
The climate affects the ratio between free heat and
heat losses in the room space; thus, the heating can be
decreased to meet the comfort requirements for occu-
pants as shown by Bianco et al. (2016). In this sce-
nario, the air humidity also plays a role as explained
by Menghao (2011), because it affects the indoor
climate and consequently the design of the HVAC sys-
tem. The weather file used in the building simulation
software is a synthetic weather file obtained from one
hour based with values of outside dry-bulb tempera-
ture Toy, relative humidity of air ¢, wind intensity in
x and y direction and the cloudiness percentage %.

=
=2
e

=

VR Legend

A1= Supply flow
A2= Exhaust flow
B = Adiabatic wall

B =< C = External wall

il ¥ = D = Floor and ceiling

it E = Leakage
F = Window component
G = Radiator
H = Outdoor environment
I = Control
J=Valve
K = Pipes

L = Thermal Zone

Fig. 9 Building simulation model of the room
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The values of direct D and diffuse d solar radiation
are calculated according to Zhang-Huang model. The
synthetic weather file is recorded in ASHRAE (2001)
database and used in the commercial building simu-
lation software IDA ICE vers. 4.7. Figures 10 and 11
show the monthly average outside temperature and
direct solar radiation for each locality chosen.

The second sensitivity analysis was performed
by changing the active thermal mass. The active
thermal mass is the first material layer in contact
with the indoor air taking also into account all
the material layers till the insulation as shown in
Brembilla et al. (2015b). The active thermal mass
stores thermal energy which is released in the indoor
space. Many authors have considered the advan-
tages and drawbacks of changing the building thermal
mass. Ghoreishi and Ali (2013) state that a heavy-
weight thermal mass can smooth sharp oscillations
of indoor temperature by guaranteeing a stable room
temperature. During heating seasons, the stored heat
will be released in the conditioned space; whereas,
during the cooling seasons, implemented night ven-
tilation dissipates the heat stored. Masy et al. (2015)
state that the active thermal mass also has a posi-
tive effect by load shifting of the electricity used.
The author of the present paper has changed the
internal layer of the external wall made by bricks
(Pbrick = 1500 kgm™3, cprick = 1000 Jkg~'K~1) to
wood (Pwood = 600 kgm ™3, cyood = 700 Jkg~ 'K~ 1)
by adjusting the thickness of wood layer to have the
same thermal transmittance for both heavy and light-
weight structure. The same change happened for the
brick layer of adiabatic walls adjacent to conditioned
rooms and for the concrete layer in the floor and
ceiling (peon = 2300 kgm ™3, ceon = 880 Jkg~'K~1).

The third sensitivity analysis focused on the local
control of the radiator. The local control was switched
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Fig. 11 Monthly average direct solar radiation onto horizontal
surface

between P (proportional band with AT = 1K first,
and then with AT = 2K) and PI control. P control
enables a proportional flow adjustment at the varia-
tion of indoor temperature when goes outside of the
proportional band. PI control also guarantees an inte-
gration time that reduces the response of the system
and it stabilizes the oscillations of indoor tempera-
ture as stated in Sanchis et al. (2010) and Qu and
Zaheeruddin (2004).

The last sensitivity analysis was carried out by
switching the connection pipes location. The connec-
tion pipes are first located on the same side of the
radiator and then on the opposite side. All sensitivity
analysis account of 48 real cases and 8 ideal cases.
The ideal cases are set for each climate analysed and
for both heavy and light-weight active thermal mass.

Result and analysis

Table 3 presents the results of efficiency factors for a
space heating system equipped with hydronic panel
radiator. The values in the table refer to the efficien-
cy values calculated as explained in the “Method to cal-
culate the efficiency factors for free heating sur-
face (radiator) according to EN 15316-1,2-1 (2007)
named as ‘“‘German Method”” section. To be noticed,
the term 75y is the average efficiency between the
efficiency factor for heat loss through the window and
efficiency factor for the over-temperature nearby the
ceiling. The results from IDA ICE simulation software
are post processed by integrating the heat losses over
the heating period as explained in Eq. 1 according
to the trapezoidal rule. The length of heating period
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is assumed the same for all the cases analysed start-
ing from the 1% of September till the 30" of May.
The length of heating period varies in Sweden and
it depends on the building type and location. In this
paper, we use a standard length of heating period for
all the cases analysed.

Table 3 can be used in a dual way, by assessing
the efficiency factors for existing buildings or for driv-
ing the decisions of designers on technical choices
which guarantee the highest efficiency for new build-
ings. In the first case, the designer needs to have the
information about the building location, the weight of
the active thermal mass and type of local control. For
instance, a building located in Stockholm with heavy-
weight active thermal mass and P control (AT = 1K)
with connection pipes located on the same side has as
total efficiency factor of the space heating system the
value of 0.95%.

In the second case, the designer has to compare
the efficiency factors between the type of local con-
trol used, the position of connection pipes and the
type of active thermal mass for the same location cho-
sen. For instance, for Stockholm is possible to achieve
the total efficiency of the space heating system of
96% by using PI local control, same side location of
connection pipes and light-weight mass of the build-
ing. It is possible to achieve the total efficiency of
space heating system of 95% by choosing a P local
control AT = 1K) heavy-weight active thermal mass
with location of connection pipes on the same side.

Discussion

The transient model of radiator explained in the
“Transient model of the hydronic panel radiator”

Table 3 Efficiency factors of a space heating system equipped with hydronic panel radiator heating curve 55/45°C

Control Climate Weight Same side connection (1) Opposite side connection (1)
ctrl strl str2 em ctrl strl str2 em
Lulea Heavy 0.9842 0.9816 0.9965 0.97 0.9752 0.9924 0.9963 0.97
Light 0.9787 0.9806 0.9951 0.97 0.9746 0.9805 0.9646 0.96
Malung Heavy 0.9565 0.9681 0.9939 0.94 0.9468 0.9669 0.9907 0.93
P(AT =1K) Light 0.9506 0.9669 0.9911 0.93 0.9465 0.9650 0.9895 0.93
Stockholm Heavy 0.9709 0.9735 0.9902 0.95 0.9571 0.9735 0.9919 0.94
Light 0.9610 0.9714 0.9933 0.95 0.9570 0.9716 0.9546 0.93
Gothenburg Heavy 0.9641 0.9683 0.9988 0.95 0.9488 0.9662 0.9909 0.93
Light 0.9524 0.9675 0.9947 0.94 0.9483 0.9641 0.9908 0.93
Luled Heavy 0.9649 0.9901 0.9951 0.96 0.9505 0.9852 0.9905 0.94
Light 0.9621 0.9788 0.9879 0.95 0.9500 0.9768 0.9624 0.93
Malung Heavy 0.9350 0.9647 0.9847 0.92 0.9197 0.9627 0.9780 0.90
P (AT =2K) Light 0.9323 0.9640 0.9730 0.91 0.9189 0.9612 0.9769 0.90
Stockholm Heavy 0.9496 0.9697 0.9872 0.93 0.9303 0.9688 0.9778 0.91
Light 0.9435 0.9680 0.9729 0.92 0.9276 0.9671 0.9744 0.91
Gothenburg Heavy 0.9434 0.9646 0.9879 0.93 0.9222 0.9617 0.9781 0.90
Light 0.9369 0.9623 0.9759 0.91 0.9207 0.9604 0.9777 0.90
Lulea Heavy 0.9950 0.9986 0.9979 0.99 0.9990 0.9806 0.9972 0.99
Light 0.9915 0.9950 0.9972 0.99 0.9950 0.9780 0.9964 0.98
Malung Heavy 0.9750 0.9710 0.9942 0.96 0.9742 0.9712 0.9945 0.96
PI Light 0.9658 0.9696 0.9941 0.95 0.9734 0.9710 0.9939 0.96
Stockholm Heavy 0.9847 0.9760 0.9973 0.97 0.9813 0.9778 0.9941 0.97
Light 0.9704 0.9734 0.9931 0.96 0.9811 0.9757 0.9932 0.97
Gothenburg Heavy 0.9741 0.9750 0.9938 0.96 0.9707 0.9703 0.9933 0.95
Light 0.9588 0.9716 0.9917 0.94 0.9705 0.9685 0.9927 0.95

@ Springer



Energy Efficiency (2017) 10:1253-1267

1265

section can be improved by considering more capac-
itances for the metal part and by also considering the
y and z dimensions. Another option is to use a sim-
ulation tool developed by Gritzki et al. (2007) which
is able to model complex radiator geometry and sev-
eral other details by means of the coupling of three
software TRNSYS, PAralleINS and Fluent. Gritzki
model enables to assess the efficiency factors among
different sizes and types of radiators.

The heat transfer towards the back-wall of the
radiator is approximated with the mechanism of nat-
ural convection. A combination of the mechanism of
heat transfer by radiation and convection lets a bet-
ter estimation of heat losses towards the back wall of
radiators.

The model of hydronic panel radiator is validated in
the “Validation of the hydronic panel radiator model”
section versus experimental measurements in terms of
temperature of exhaust flow. The results show a good
agreement between the model and the measurements.
The data of heat emitted by the hydronic panel radiator
with the simulated results differ of 3.75%.

The higher heat emitted from radiator with connec-
tion pipes located on the same side in Fig. 8 is likely
caused by the amount of mass flow rate supplied in
the first capacitance which is slightly higher in com-
parison with radiators with connection pipes located
on the opposite side.

The building simulation model described in the
“Brief overview of the building simulation model”
section considers the mechanical ventilation. The sup-
plied air from the mechanical ventilation system is
mixed with the indoor air by resulting in an approxi-
mately homogeneous air temperature in the room air
volume. The mechanical ventilation was chosen to
minimize the deficiency of the commercial building
energy simulation software used, since it does not
consider an indoor temperature gradient in the room
height. Thus, the author of the present paper uses tab-
ulated values for computing the efficiency factor for
over-temperature nearby the ceiling. The use of nat-
ural ventilation instead of mechanical ventilation will
enhance the indoor temperature near the ceiling by
increasing the heat loss. This fact cannot be effectively
computed by the commercial building energy simu-
lation software; thus, the author of the present paper
avoid to present this type of solution in the results.

The simulation plan in the “Simulation plan”
section does not consider sensitivity analysis on the

heating curve. Many authors have studied the high
potential in energy savings of the space heating system
by applying modification at the heating curves. Vasek
and Dolinay (2014) and Vasek and Dolinay (2013)
presented a modification of the heating curve for mul-
tifamily buildings during rush hours. The results of
these studies showed benefits in terms of lowering the
amount of mass flow rate supplied to the thermal units.
Another investigation made by Elkhuizen et al. (2003)
showed the high potential in energy savings, up to
35%, by using optimal heating and cooling curves for
Dutch offices. This paper avoids to study the impact
of the heating curve on the efficiency factors because
the heating curve for hydronic panel radiators in Swe-
den is fixed at 55/45°C. The heating curve has an
impact on the efficiency factor for over-temperature
nearby the ceiling as shown in Annex A.2 of the EN
15316-2-1 (2007).

The efficiency factors presented in EN 153161
and its sub-section will soon be replaced by the
new upgrade of the norm. Right now, the project of
recasting the Technical Standard is still under revi-
sion but available. The new Technical Standard will
use another method to calculate the efficiency fac-
tors, named as ‘‘French Method”. This method relies
on the influence of different technical aspects of the
HVAC system on the behaviour of indoor tempera-
ture. Technical details located outside of the room
control volume, as the hydraulic balancing of the heat-
ing system, have an impact of the behaviour of indoor
temperature named as ‘‘difference of temperature”.
The choice to use the “French Method” instead of
the ““German Method” is that the behaviour of indoor
temperature can be easily detected in practice. In addi-
tion, several product standard relies on the behaviour
of air temperature.

The efficiency factors in Table 3 have to be read
in relative terms by comparing the results among each
others. This means that, more detailed rooms and
radiator models could give different results, but the
general trend have to be the same. For instance, the
local control detects the air temperature instead of the
operative temperature which would lead to more accu-
rate results by considering the radiative effect of wall
surfaces.

The monthly average climatic variables in Figs. 10
and 11 show that the highest intensity of direct solar
radiation is located in Stockholm while the lowest
is located in Gothenburg from January till August
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and Luled from September to December. The low-
est average monthly outdoor temperature is recorded
in Luled while the highest average monthly temper-
ature is for the city of Stockholm. It is possible to
notice that Luled has the highest seasonal difference
range in temperature between winter and summer of
about 23°C. The diffuse radiation has similar values
for all the climates considered. Furthermore, an impor-
tant role plays the different latitude of each location
which affects the inclination of sun rays when strike
on surfaces. The climate affects the efficiency factors,
in particular, in Northern climates (Luled) the effi-
ciency factors are higher than in Southern climates
(Gothenburg) . This is because a likely reduction of
the ratio between the free available heat in the room
over the heat losses during the heating period. Thus,
the local control devices have to make less operations
while regulating the amount of mass flow rate sup-
plied to the heat emitter. Less operations of the local
control devices mean less adjustment of the mass flow
rate supplied and consequently less variations of the
heat emitted towards the environment. This fact will
provide a more stable indoor temperature during the
heating period which means higher efficiency factors.

It is possible to notice that, in Northern climates
(Lulea), P control with proportional band AT =2 K
enables similar results of efficiency factors of PI con-
trol in Southern climates (Gothenburg). This means
that, in Northern climates, simple local control devices
allow to have efficiency factors comparable with more
sophisticated control devices in Southern climates.

The efficiency factor for heat loss through windows
is approximately the same in all the cases analysed
with a slightly variation of about 2%.

The heaviness of the active thermal masses has an
impact on the efficiency factors. In fact, heavy-weight
active thermal masses have better efficiency factors for
control of the space heating system in the order of 1-2%.

Lastly, the total efficiency factor for the space
heating system 7em is higher when the radiator is con-
nected with pipes located on the same side of the heat
emitter. The difference looks apparently not remark-
able because sometimes it is possible to appreciate less
than 1% of difference between efficiency factors of
radiators with different location of connection pipes.

These results could be considered when designing
low energy buildings, to have a more rational and com-
prehensive picture of how technical choices, can affect
the efficiency factors of the space heating system.

@ Springer

This conclusion is valid when the room is the con-
trol volume considered in the calculations. In fact,
the efficiency method can encompass building compo-
nents outside the room such as the circulation pump.
Technological aspects of where to locate the connec-
tion pipes in function of the building needs are not
investigated in this paper.

Conclusion

The assessment of efficiency factors for hydronic
panel radiators has been investigated for space heating
system in different climates in Sweden. The efficiency
factors can be considered when design low energy
buildings to have a comprehensive picture of how
technical choices, as the heaviness of active thermal
mass, type of local control, can affect the efficiency
factors of the space heating system. To ensure a
detail information of efficiency factors, the hydronic
radiator model enables to predict the heat emitted dur-
ing the charging/discharging phases among radiators
with different location of connection pipes. The out-
comes of this paper is Table 3 which is an useful
practical support for designers, researchers (in Swe-
den) who want to compare the building performance
in terms of efficiency factors. As main results, (i)
connection pipes located on the same side of the
radiator enable higher efficiency factors (between 1
and 2%) than connection pipes located on opposite
side; (ii) in Swedish Northern climate, the local P
control (AT = 2K) enables similar efficiency fac-
tors than radiators located in Southern climates con-
trolled by PI control; and (iii) heavy-weight active
thermal masses allow higher efficiency factors than
light-weight active thermal masses.
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