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Abstract: Snow and ice forming on the entrance and exit driveways of underground car parks of
buildings brings serious difficulties and risks in safe parking for vehicles in winter. Even though
traditional methods such as chemical salt and snow plowing reduce slippery conditions on drive-
ways, they also result in infrastructure- and environment-related damages. Hydronic heating is an
alternative way to prevent snow and ice forming; thereby, the hydronic heating driveway (HHD) is a
promising technique for energy-efficient and environment-friendly solutions. This study presents a
time-dependent three-dimensional numerical heat transfer model for HHD applications with realistic
boundary conditions and meteorological data in the MATLAB environment. After developing the
numerical heat transfer model, the model is applied to a case study in Istanbul, Turkey and followed
by an economic comparison with the commercial electrically-heated driveways (EHD) method that
is applied in two different ways; applying the electric cables in (i) whole driveway and (ii) only
tire tracks. Different escalation rates in natural gas and electricity, hot fluid inlet temperature, air
temperature, and the number of parallel pipes are the main parameters in the case study. Results
show that the decrease in pipe spacing drops the investment cost term but it needs a higher supplied
fluid temperature for anti-icing, and therefore the operating cost term increases. Among other cases
was the number of parallel pipes, with 50 being the most economically feasible solution for all air
temperatures ranging from 0 °C to —10 °C. The economic comparison shows that the EHD with only
tire tracks has the minimum total cost as it significantly decreased both the operating and investment
cost terms. In case of an anti-icing requirement on the whole road surface, the HHD system was found
to be preferable to the EHD whole driveway scenario at air temperatures of 0 °C and —5 °C, while it
is more beneficial only for the high electricity escalation rates at the ambient temperature of —10 °C.

Keywords: numerical heat transfer; ground heat exchanger; anti-icing; hydronic heating; electric
heating; economic analysis; green building; underground parking

1. Introduction

Snow and ice formation on driveways in winter results in serious risky situations
and safety concerns that also cause serious delays and cost drawbacks in daily life [1-4].
From past to present, many studies focused on economically viable snow and ice removal
methods for densely populated areas (e.g., overpopulated living areas), public areas (e.g.,
hospitals, municipal buildings), and transport infrastructure (e.g., airports) as explained
in detail by recent critical review studies [5-9]. In general, these methods can be divided
into two types: passive and active. One of the most-preferred passive methods is applying
salt or some other chemicals on the target surface to prevent snow and ice forming as
the method decreases the freezing point of water [10]. Increasing the surface slippery
resistance is also a passive way by applying sand or gravel materials to the target road
surfaces; hereby, the surface friction is strengthened. While these methods are easy-to-apply
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and very wide in different regions, they raise environmental concerns due to penetrating
vegetation, soil, and groundwater [11,12]. Another passive approach is snow plowing but
it is both time- and energy-consuming while causing additional physical damage to the
roads [13,14]. Apart from the passive solutions, hydronic heated driveways (HHD) and
electrically heated driveways (EHD) are active solutions to remove snow or prevent icing
on the road surfaces by (i) placing pipes in which the hot fluid is circulated under the road
surface (for HHD) [15] and (ii) locating electric heating cables under the road surface to
heat up the road (for EHD) [16]. Both active methods have been applied for a long time in
real applications. For instance, while the first application of HHD systems was conducted
by the Oregon Highway Department in 1948 using geothermal hot water in Klamath Falls
in Oregon, USA, and the project was reconstructed in 1998 [17]; some of the other known
projects were (i) the Solar Energy Pilot Project (SERSO) project, which was established on a
bridge in Switzerland in 1994 [18], (ii) the Gaia Snow Melting System (Gaia) project, which
was applied on road surfaces in Japan in 1996 [19], and (iii) the implemented HHD systems
on driveways in Sweden in 2007 [20]. The main purpose of all these projects was to ensure
that the road surfaces were kept above 0 °C thanks to the circulated hot fluid in the HHD
systems; thereby, the snow and ice formation was prevented on the target road surfaces.

Up until now, many HHD-based efforts to remove snow and ice were done us-
ing geothermal heat sources [21-24], but there were also other sources, such as waste
heat utilization [25], solar [26-28], and fuels [29]. The first HHD-included studies were
mostly based on analytical approaches and then they were followed by basic numerical
approaches [30-33]. In the past two decades, more advanced numerical methods were
applied via commercial tools [27,34], and they took the surface heat flux, short-wave and
long-wave radiation, convection, and conduction into account in comprehensive hydronic
snow-melting models validated by experimental data [35-37]. Pahud [38] developed a
one-dimensional (1D) numerical model to determine the anti-icing performance of the
HHD system applied to the road surfaces of a bridge. In that model, the outside air temper-
ature was used to control the HHD system, and the heating system was activated when
the air temperature was between 4 °C and —8 °C. According to the results obtained from
the study, it was supposed that the heating system should not be started when the air
temperature drops below —8 °C since the risk of ice formation was fairly low due to the low
content of air humidity. Abbasi [39] suggested a one-dimensional (1D) numerical model
to examine the anti-icing performance of HHD systems applied to road surfaces with two
different modes of operation control. The first was to prevent snow and ice formation by
keeping the road surface temperature above the freezing point (0 °C). The second control
system was considered when the road surface temperature reached below 0 °C, the heating
system started to raise the surface temperature above the dew point temperature. It was
pointed out that the second control system was much more effective in energy saving.
Mirzanamadi et al. [27] carried out simulation studies on the anti-icing performance of the
HHD system on roads using the COMSOL Multiphysics 5.2 program. The numerical model,
which was verified by experimental data, were performed for many variable parameters
that affected the anti-icing performance of the HHD system and those were: pipe spacing,
burial depth, the fluid and ambient temperatures, thermal conductivity of the first layer
of the road, pipe diameter, emissivity, and absorptivity of the surface. Li and Hong [40]
aimed to determine the dynamic heat load of a bridge anti-icing system. The results of the
simulation showed that the temperature of the bridge surface was higher than 0 °C, and it
was suggested that the theoretically generated heating load and control logic were suitable
for bridge anti-icing systems.

Different from the HHD systems, the road surfaces are heated by using electric cables
or electric mats to prevent snow and ice formation on the road surfaces in the EHD
method [41,42]. The main system components of EHD systems are a heating source
(electricity), sensors for measuring the weather conditions (ground sensor and thermostat),
a heating element (electric cables or electric mats), and system controllers. In Ref. [43],
experimental and numerical studies were carried out on the pavement to determine the
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performance of electric snow-melting systems, and computer software was also developed
for the transient analysis of electric snow-melting systems in their model validated by
the experimental data. Li et al. [44] developed a new heat transfer model to examine the
performance of electric snow-melting systems for various road surfaces in different weather
conditions. Lai et al. [45] experimentally and numerically investigated the snow-melting
process of electric snow-melting systems in a tunnel portal under different conditions.
They used the finite element (FE) simulation, and the effects of the insulation layer and
ambient temperature on the snow-melting performance were examined in the simulation
studies. Liu et al. [46] proposed two methods, a theoretical model and a semi-empirical
formula, using the line heat source theory and the virtual image method to determine
the temperature field and the road surface temperature of electric snow-melting systems.
With the help of those developed methods, the energy consumption characteristics of
electric snow-melting systems were investigated [47,48]. Kim et al. [49] studied the energy
consumption characteristics of electric snow-melting systems on railroads. The results
indicated that the energy consumption was dependent on the system’s operating time, and
they experimentally observed that the system’s operating time increased when the ambient
temperature decreased and the wind speed increased.

Besides the above-mentioned application areas of the HHD and EHD methods, they
can also be applied to the ramped entry and exit ways of buildings in the winter period,
particularly for high-rise buildings in densely populated areas as the car parking is a
significant problem in the city and the underground car parks are effective solutions.
During the winter period, considering the population and vehicle density, the entry/exit
periods for cars not only become time-consuming but also risky due to the snow and ice
formation-related slippery conditions. In the present study, we specifically focus on this
problem and consider the HHD and EHD methods for a case study in Istanbul city. The
HHD model was developed using a numerical heat transfer model with realistic boundary
conditions and meteorological data, while the practical applications-based EHD approach
was applied for two different EHD cases; (i) applying the EHD to the whole driveway at the
entry/exit and (ii) applying the EHD only for tire tracks. The numerical model of the HHD
method has the parameters of burial depth (Py), pipe spacing (Pp), number of parallel pipes
(NPP), and the supplied fluid and air temperature to the model. Based on the performance
assessment, the most convenient operating conditions are defined with respect to the
initial investment cost and the operating cost. Following the given scope, the two main
contributions of the current study are (i) to develop a new and numerical time-dependent
heat transfer model for the HHD method, and (ii) to perform economic comparisons of
HHD and EHD solutions for a specific case study that considers the ramped entry/exit
of the underground car parks. Thereby, the obtained outcomes can be used for real-scale
applications by construction companies as alternative options to traditional methods.

2. Design of Underground Car Park Roads at the Entry and the Exit

In metropolitan cities, such as Istanbul, the ramped entry and exit ways of under-
ground car parks are high inclination angles; thus, the snow and ice formation on the way
makes the safe entry and exit significantly challenging and time-consuming. A representa-
tive case is illustrated in Figure 1. The entry and exit areas have a width of 5 m and a length
of 8 m. The HHD and EHD solutions are designed for the red-dashed area. In the HHD
scenario, cross-linked polyethylene (PEX) pipes are located in the reinforced concrete layer
of the driveway. A hot fluid, which is heated by the central heating unit of the building, is
circulated through the PEX pipes and prevents snow and ice formation on the road surface.
In the EHD scenario, instead of PEX pipes, electric heating cables are placed in the entrance
and exit areas of an underground car park with two sub-scenarios; (i) whole driveway and
(ii) only tire tracks.
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Figure 1. Schematic view of the entrance and exit zone of the underground car park.

2.1. Design of the HHD System

The developed numerical model is a three-dimensional time-dependent heat transfer
model with realistic boundary conditions and meteorological data; hereby, the model can
obtain the three-dimensional temperature distribution around the PEX pipes placed in the
reinforced concrete layer under the underground car park entrance and exit. A simplified
projection is given in Figure 2.

-, Adiabatic

Figure 2. Numerical solution domain of the HHD system; (a) the overall isometric view of the
domain, (b) the solution domain of the model along the z-axis, and (c) the energy balance of plain

and reinforced concrete interfaces.
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The numerical model solves the heat transfer equations in the two-dimensional domain
with time-dependent boundary conditions at first; the two-dimensional model also covers
the water temperature in the solution domain. The temperature gradient of water along
the pipe axis is very small and therefore negligible. After solving Equation (1) in the
two-dimensional domain, the solution is extended along the pipe length for obtaining a
three-dimensional temperature distribution:

BZT(x,y,t) aZT(x,y,t) B laT(x,y,t)
dx2 a2 o« ot

M

where T is temperature; x and y are the coordinates; t is time, and « is the ground diffusivity.
We have some assumptions for the model; (i) the horizontal pipes are buried at the same
depth in the reinforced concrete environment, (ii) each PEX pipe has the same flow rate
without water temperature change in the y-direction, (iii) effects of mass transfer and
collectors on the heat transfer are neglected, and (iv) the heat transfer medium (reinforced
and plain concrete layers in Figure 2) is assumed homogeneous with the constant thermal
properties (conductivity, diffusion, etc.). In Figure 2, the length of the horizontal pipe
(L), the pipe spacing (Pp), the vertical distance of the pipe from the road surface (Py,), the
vertical length of the plain concrete (Hp), the vertical length of the reinforced concrete (Hy),
and the depth of the numerical simulation domain (Hg) are shown; these parameters are
actively used in the HHD-based parametric study. The initial and boundary conditions of
the numerical model are defined in Equations (2)—(6):

T;=T(y,t)att =0 )
T =0 ©
ox x:P,,/Z

oT

Fr 0 4)
q fory=Hy (5)
qs fory =0 (6)

where g is heat flux, and the subscript s represents the road surface. When the energy
balance equation is written for the plain concrete surface, the heat flux of the surface is
exerted based on the surface-ambient heat interaction mechanisms and the balance equation
can be written as in Equation (7) [50,51]:

QS = qC + Qm + Qel + Qil + qSolar (7)

where g, is the sensible heat flux, g,, is the latent heat flux, g,; is the emitted long-wave
radiation-related heat flux, g;; is the incident long-wave radiation-related heat flux; and

5014y 18 the solar radiation heat flux. The g, is defined in Equation (8):

qc = pair'cp,air'Dh'g'(Tuir —Ts) (8)

where p is density, C is the specific heat capacity, D, is the sensible heat exchange coefficient,
¢ is the stability function, while the subscript air represents the ambient air. The stability
function is explained with the Richardson number (R;), as shown in Equations (9) and (10),

1
6= (1+10R;) ©)
Ri _ g'z'(Tair - TS) (10)

Tair'u§



Sustainability 2023, 15, 2564

6 of 21

where g is the gravitational acceleration, z is the reference height, and U, is the wind speed
at the height of z. In addition, D), the term is explained in Equation (11):

Kz'uZ
D) = ——— 11
" nlziz0) (v

where « is the Von Karman constant, and z is the roughness length. After g,,, the g term
is given in Equation (12):
q,, = 0.0168 - f-hgjy-(Ps — Pyir) (12)

where f is the humidity and surface cover coefficient, h,;, is the heat transfer coefficient of
air, and P is the period (seconds). The g, is given in Equation (13):

gy = —€e-o-T* (13)

where ¢ and ¢ are the emissivity and the Stefan-Boltzmann coefficient, respectively. The g;,
is given in Equation (14):

T,

wir /2016
)T, (14)

qil =1.08 - (1 _ 37<0'01 €air)
where e,;, is the atmospheric vapor pressure. In the last term, g_,,,, is given in Equation (15):

Jso1ar = (1 — albedo) [Smmn — Samp-Re-e*i“’t“”l} (15)
where albedo is the reflectivity, Syeqn is the annual mean solar radiation, S is the ampli-
tude of solar radiation, w is the angular velocity, and ¢, is the phase angle. In addition
to all the heat fluxes on the road surface (sensible heat flux, latent heat flux, emitted and
incident long-wave radiation, and solar radiation heat flux) given in Equation (7), the
heat conduction and heat flux due to precipitation could have been added in case of snow
formation on the road surface. However, in this study, snow formation on the road surface
is prevented; therefore, these heat fluxes are not included since there is no additional layer
on the road surface.

In order to obtain transient three-dimensional temperature distributions in the entire
solution domain, the whole pipe is divided into small sections and the two-dimensional
temperature distributions described above are connected to each other. These sections
divided along the pipe, starting from the pipe entrance, the fluid temperature leaving
from the first section is taken as the fluid inlet temperature of the next section at the same
time, and transient three-dimensional temperature profiles are obtained by performing this
throughout the pipe (Figure 2). In the line source theory, the surface temperature of the pipe
is accepted to be equal to the fluid temperature and solutions are performed accordingly.
More details on the theory can be found in Refs. [52,53]. In the developed model, the wall
thickness of the pipe is taken into the account and it is assumed that the inner surface
temperature of the pipe is equal to the fluid temperature. This approach presents quite
reasonable results, especially in cases where the heat transfer coefficient of the fluid flowing
in the pipe is high and the pipe diameter is small. Additionally, the horizontal and vertical
temperature around the pipe buried in the reinforced concrete, and the fluid inlet and outlet
temperatures are determined thanks to the three-dimensional temperature distributions
obtained above. Using the energy balance between the pipe and the solution domain in
reinforced concrete for each section, the fluid outlet temperatures are calculated as given in
Equation (16):

—kgcl

Tjo = Trc — (Tre — Tp,i )™/ (16)

where k is the thermal conductivity, whereas the subscripts RC, f, 0, and i denote the
reinforced concrete, fluid, outlet, and inlet, respectively. The numerical solution domain
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is solved by using the alternating direction implicit (ADI) method, which obtains nodal
temperatures by applying the difference formulas separately for rows and columns in two
successive steps. The finite difference form of Equation (1) in the ADI method is given in
Equation (17):

e +1 +1 +1

Ti’?j B Tl?jj _ Tz‘iil,]' B ZT;} + Tlﬁl/]' Ti]jj*l _ 2Ti}?j - Tl?'1j+1 (17)

A (Ax)? (Ay)?
and at (1 + 2)™" time, it can be written in Equation (18):
q
42 +1 42 +2 +2 +1 1 H
T T T AT AT Th - 2m T (18)
at (Ax)z (Ay)2

for equal spacing in x- and y-directions, the relation can be defined as given in Equation (19):

aAt _ aAt _, (19)

Tax)? My

The unknowns and knowns of each step on the right and left sides of the equations
are combined and rewritten as given in Equations (20) and (21):

Ax = Ay

1 1 1
— T+ (20T = T = Tl + (1= 20T + T (20)
2 2 2 1 1 1
_ rT;f]t 2+ (1+ 2r)T;jj+ — rTZ‘]TL = rTl-"fl,]- +(1— 2r)zr;jj+ + rTgﬁlJ (21)

In the developed model of the HHD system, two different layers are reinforced concrete
and plain concrete. Therefore, the energy balance is exerted for the control volume around
each node at the reinforced and plain concrete interface. When the control volume and the
heat fluxes around the node are taken into the account (see Figure 2), the energy balance
for a node at the layer interface between these concretes is written in Equation (22):

. . . . aTi,]'
01— G2+ 43 — 4y = (0Cp) 1o (D) (Ay) 5 (22)

where (0Cp) .. is the average heat capacity based on the arithmetic mean of the heat
capacity values of the reinforced concrete (RC) and the plain concrete (PC) as given in
Equation (23):

(pcp)aw _ (pCP)RC —zi_ (pCP)PC (23)

The heat flux terms of 4, and g, are at the interface between the reinforced concrete
layer and the plain concrete layer; thus, the thermal conductivity at the interface is defined
with the arithmetic mean of the thermal conductivity values of the reinforced concrete and
the plain concrete (Equation (24)); then, the g, and g, terms are explained with Equations
(25) and (26), respectively:

krc +k
Kgve = % (24)
n 1i— n
‘71 = kape #Ay (25)
' " 1i— T".
g, = kmMAy (26)

Ax
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On the other hand, the heat flux terms of g5 and g, are only at the plain concrete layer
and the reinforced concrete layer, respectively, and they are defined in Equations (27) and
(28), respectively:

T . —T"

Gy = ch%yl']Ax 27)
™. . —T"

qs = krc —l']ﬂAy L Ax (28)

Using the written energy balance for a node at the interface of concrete layers, the
difference formulas of the ADI method are reformed to determine new difference formulas
at the bottom and top interfacial nodes of the reinforced and plain concrete layers as
explained in Equations (29) and (30), respectively,

- ruveﬂt’i}j +(1+ zrave)ng—i—l - ruveTin]' = rRCTl?jj_l + (1 —7rrc — rPC)Ti]:lj + rPCTz,1j+1 (29)
- rRCTZ‘;f]' + (1 +rrRc + rRC)TI?j]'—i_Z - rPC'I?:ljizl = raveTz?ﬁi}j + (1 - zruve)’l—zlj-i_l + 7’uve’1—¥f:i}]' (30)

The temperature distribution in reinforced and plain concrete at a certain time is
solved successively using the ADI formulation equations. Since the resulting matrices have
tri-diagonals, these equations are solved using the Thomas algorithm. Consequently, all
the ADI finite difference equations of the HHD system are solved by integrating them into
the MATLAB program with realistic boundary conditions and meteorological data.

2.2. Design of the EHD System

The EHD system works by radiating heat upward from a grid of heating cables under
the driveway surface, preventing the formation of snow and ice. Two sub-application
methods of the EHD solution, the whole driveway and the only tire tracks, were considered.
In both application methods, the electric heating cables are placed in the concrete layer
with a burial depth of 6 cm. Below the plain concrete layer, there are two more concrete
layers; the foam concrete (used for an insulation layer) and the reinforced concrete [46,54],
as shown in Figure 3a.

a) <)

Reinforced concrete

Driving direction

Figure 3. A simplified view of the EHD system; (a) schematic, (b) whole driveway case, and (c) only
tire track case.
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In the first scenario, the electric cables are placed on the whole driveways with (i)
two electric heating cables with a length of 215 m and a heating power rate of 5840 W
and (ii) a single cable with a length of 110 m and a heat power rate of 2910 W, which
nearly corresponds to the heating power rate of 27 W per unit of the cable length, which
is also in good agreement with commercial references [55] and recent calculations in the
literature [56]. As can be seen in Figure 3b, 108 rows of electric heating cables are used at a
distance of 74 mm from one another. In the second scenario, the same heating power rate
per unit of the cable length is aimed (27 W). Only for tire tracks (Figure 3c), two electric
cables with a length of 140 m, and a heating power rate of 3780 W are used. Following the
tire tracks, the electric cables are spaced 23 mm apart on each of the four parallel electrical
heating cables by using 350 rows.

3. Economic Model
3.1. Economic Model of the HHD Method

The HHD systems have the main costs of the initial investments as follows; pipe
cost (Cpipe), heat exchanger costs (Cyx), pumping costs (Cpump), cost of the control sys-
tem (Ceoptror), costs of the thermostat and ground sensor (Csensor), labor costs (Cjgpor), and
auxiliary costs (Cyyy). Among them, the costs of the heat exchanger and pipe (with con-
nection/fitting equipment) have the biggest shares. Besides the investment cost terms,
operating costs are also critical. In the current HHD scenario, the central heating system of
the building is aimed to be used to provide hot fluid; thus, the cost of the supplied heat
from the central heating system is indexed to the natural gas prices while the pumping
power-related cost is indexed to the electricity price in Istanbul. Using the collected perfor-
mance output from the developed numerical model, the total cost analysis is performed by
using the ten-year average escalation rates. The cost of initial investment (C;) is defined in
Equation (31):

Ci= Cpipe + Crx + Ceontrot + Csensor + Cpump + Caux + Cigbor 31)

For the pipe, heat exchanger, and pump, cost functions are used and they are defined
in Equations (32)—(34), respectively.

Cpipe = Cpipe'N'L (32)
N

Chx = mQpx (33)
- ay

CP“’”P = a3wpump (34)

where ¢y, is the unit cost of the pipe (per meter), N is the number of pipes, L is the
length of each pipe, Qpx is the heat transfer rate through the heat exchanger, Wy is the
required power rate for pumping operation, and the coefficients a; — a4 are determined by
the different load requirements of the HHD system and the regional price of the equipment.
For the operating costs, the total electric consumption of the HHD system is directly related
to the pump operation and the electric consumption of the pump (Epymp) is explained in
Equation (35):

V-dPpump

Epump =T (35)

Npump

where V is the volumetric flow rate, T is the total operating hours, dP is the differential
pressure across the flow path, and #7pump is the pump efficiency. Then, the cost of total
electricity consumption (Cejectricity) is calculated by using Equation (36):

Celectricity = Epump “Ctarif f (36)

where cyqif¢ is the tariff of the unit electricity consumption (for residential purposes)
obtained from the Energy Market Regulatory Authority (EMRA) of Turkey. The cost of
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natural gas consumption (referring to the use of the central heating unit of the building to
provide a hot fluid stream), is calculated by using the required heat rate of the ground heat
exchanger (Equation (37)), and the unit cost of natural gas (cy¢) as given in Equation (38):

Quix = 70V Cpr (Tri = Tr,o ) (37)

CnG = Qux-cNG (38)

The unit cost of gas (cyg) is received from the Petroleum Pipeline Corporation of
Turkey (BOTAS). The ten-year average escalation rates of natural gas and electricity for res-
idences in Turkey are 10% and 15%, respectively. The total consumption costs of electricity
and natural gas (Cop) in ten years are obtained using Equation (39) [57]:

n=10 n=10
Cop = (Celectricity,l + Z Celectricity,n'e> + <CNG,1 + Z CNG,n'g> (39)
n=2 n=2

where the subscripts e and g are defined as the increase rate of electricity and natural
gas prices, respectively. The C,, refers to the operating costs. The summation of the
operating costs and the investment cost is multiplied by the capital recovery factor, CRF,
(Equation (40)) to calculate the cumulative cost as defined in Equation (41):

e/ n

crr = U+ DT (40)
(i+1)" -1

Ciot = (Cop + C,‘) -CRF 41

3.2. Economic Model of the EHD Method

The EHD method needs less heating time with low-priced installation and mainte-
nance costs compared to the HHD; however, the operating costs can be higher than the
HHD due to higher electricity prices than the natural gas price. Regarding the aimed
application methods of the EHD with (i) whole driveways and (ii) only tire tracks. The
tire-track-based EHD is preferable for individual or domestic usage since it needs fewer
operating costs, while the whole driveways-based EHD is more secure and therefore
preferable in crucial public and transportation areas, such as hospitals and airports. The
investment costs of the EHD method are as follows; cable cost (Cp;), cost of the control
system (Coptr01), cOsts of the thermostat and ground sensor (Csensor), labor costs (Crzpor),
and auxiliary costs (Cgyx). For the whole driveways and the tire-track solutions, the only
difference is the cable cost. Considering all terms, the investment cost (C;) can be defined
in Equation (42) [58]:

Ci = Ceavte + Ceontrot + Csensor + Caux + Clapor (42)

The cost of the electric heating cable is defined by using the unit cost (c.4p.) and the
length of the cable as given in Equation (43):

Ccable = Ceable” Lcable (43)

The operating costs of the EHD method only depend on the electricity prices; thus,
the total electricity consumption is found first (Equation (44)); then, the electricity price is
calculated by using Equation (45):

Ecuble = T',Bcuble'Lcable (44)

Celectricity = Ecable'ctariff (45)
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where B4p;, is the power drawn per meter by the EHD system. The operating costs over
ten years are calculated using Equation (46); then, the cumulative cost can be found with
Equation (41):

n=10
Cop = <Celectricity,l + Z Celectricity,n'e> (46)
n=2

4. Simulations

Based on the developed numerical model of the HHD system, the key inputs of the
numerical model are given in Table 1 while the all details of parametric conditions are
explained in Table 2. The HHD simulations are organized as eight sets according to the
model parameters of burial depth (Py), pipe spacing (Pp), number of parallel pipes (NPP),

and the supplied fluid and air temperature to the model.

Table 1. HHD system inputs in the simulation.

Layers and Components

Input Values

Working fluid (Water + Ethylene Glycol)

Vp=1143 m3/h

Plain concrete

kpc =0.7 W/mK,
Cp =920]/kgK,
p =2110 kg/m?3

Reinforced concrete

KRC =25 W/mK,
Cp =750]/kgK,
p = 2400 kg /m?

Concrete layers height

Hc =036 m, H, = 0.06 m

Pipe (PEX)

kp = 0.40 W/mK

Pipe geometry

L=8m
D,/D; =0.015/0.010 m

Table 2. Parametric sets of the HHD system.

Parameters Parameter level Units
Burial depth (P;) 0.1,0.15,0.20,0.25 m
Pipe spacing (Pp) 0.1 m
Set1 Number of parallel pipes (NPP) 50 -
Supplied fluid temperature (Tf;;,) 10 °C
Air temperature (T;,) 0 °C
Supplied fluid temperature (Tf,in) 10, 20, 30, 40 °C
Pipe spacing (Pp) 0.1 m
Set 2 Number of parallel pipes (NPP) 50 -
Burial depth (Py) 0.1 m
Air temperature (T;;,) 0 °C
Supplied fluid temperature (Tg;;,) 10, 20, 30, 40 °C
Air temperature (T;;;,) -5 °C
Set3 Number of parallel pipes (NPP) 50 -
Burial depth (Py) 0.1 m
Pipe spacing (Pp) 0.1 m
Supplied fluid temperature (Tf,m) 10, 20, 30, 40,50 °C
Air temperature (T;;,) —10 °C
Set 4 Number of parallel pipes (NPP) 50 -
Burial depth (P;) 0.1 m
Pipe spacing (Pp) 0.1 m
Supplied fluid temperature (Tf,in) 10, 20, 30 °C
Air temperature (T,;,) -5 °C
Set 5 Number of parallel pipes (NPP) 100 -
Burial depth (Py) 0.1 m
Pipe spacing (Pp) 0.05 m
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Table 2. Cont.

Parameters Parameter level Units
Supplied fluid temperature (Tf,in) 10, 20, 30, 40 °C
Air temperature (T,;,) —10 °C
Set 6 Number of parallel pipes (NPP) 100 -
Burial depth (Py) 0.05 m
Pipe spacing (Pp) 0.1 m
Supplied fluid temperature (Tﬁm) 30, 40, 50, 60 °C
Air temperature (T;;;,) -5 °C
Set 7 Number of parallel pipes (NPP) 25 -
Burial depth (Py) 0.1 m
Pipe spacing (Pp) 0.2 m
Supplied fluid temperature (Tf,m) 30, 40, 50, 60, 70 °C
Air temperature (T;;,) —10 °C
Set 8 Number of parallel pipes (NPP) 25 -
Burial depth (P;) 0.1 m
Pipe spacing (Pp) 0.2 m

Similar to the HHD system, the key input values of the EHD system are listed in Table 3
based on Refs. [51,53]. In Table 3, D sp1e, Leapier HPeapie, and Negpe represent embedded
depth, length, heating power, and the number of electric heating cables, respectively. In
addition, B, is the distance between the electric heating cables.

Table 3. EHD system inputs in the comparative study.

Type of EHD System Input Value

Dcable =0.06 m
Bcuble =0.074 m
HP e = 14,590 W

Whole driveways

Legple = 540 m
Neaple = 108
Only tire tracks Dgpie = 0.06 m

mele =0.023 m
HP 0 = 7560 W
Lcable =280 m
Ncable =350

Besides the system input values and the parametric sets, the numerical values of the
economic parameters of the HHD and EHD systems are given in Tables 4 and 5, respectively.

Table 4. Economic parameters of the HHD system.

Case Cost Parameter Description
Pipe Cp,-pg =1.66 (€/m)
Energy-control group Ceontrol = 400 (€)
Ground sensor and thermostat Csensor = 500 (€)
Heat exchanger Cyx = 1000 (€)
Tariff on unit electricity consumption Ctarip = 0.12 (€/kWh)

Common costs for all NPP cases

Price per unit kWh of natural gas
Increase rate of electricity price
Increase rate of natural gas price
Interest rate
Number of interest periods
Working time of the pump
Pump efficiency

enG = 0.021 (€/kWh)
e =10%, 15%, 20%
g= 50/0, 1()(70, 15%

i=12%
n =10 year
T=120h

Hpump = 80%




Sustainability 2023, 15, 2564

13 of 21
Table 4. Cont.
Case Cost Parameter Description
Circulation pump Cpump =53 (€)
NPP =25 Additional (materials and pipework) Caux = 555 ()
Total labor Clapor = 655 (€)
Circulation pump Cpump = 66 (€)
NPP =50 Additional (materials and pipework) Caux =944 (€)
Total labor Clapor =770 (€)
Circulation pump Cpump =95 (€)
NPP =100 Additional (materials and pipework) aux = 1666 (€)
Total labor Clapor = 998 (€)
Table 5. Economic parameters of the EHD system.
Case Cost Parameter Description
= Heating cables Ceaple = 1.66 (€/m)
g Energy-control group Ceontrol = 400 (€)
Al Ground sensor and thermostat Csensor = 500 (€)
% § Power drawn per unit meter he =27 (W/m)
; & Increase rate of electricity price e =10%, 15%, 20%
g Z Interest rate i=12%
g Number of interest periods n =10 year
o Tariff on unit electricity consumption Crarifg = 0.12 (€/kWh)
. Additional Caux =200 (€)
Whole d
ole driveways Total labor Clabor = 880 (€)
. Additional Caux =80 (€)
Only tire track: e
Ty Hre tadks Total labor Clapor = 550 (€)

5. Results and Discussion

The developed numerical heat transfer model was validated by using the experimental
dataset given by Demir et al. [59] for a ground heat exchanger model. Figure 4 compares
the time-dependent temperature values between the current numerical model and the
given experimental dataset based on the hydronic heating approach.

16
— e — Fluid inlet Experiment
ol — - —  Fluid outlet g, iment
A\ — - —  Fluid outlet ¢, ent model
12{ By
"\
o \
Ei WA ‘ /'Y' - A)C -
Y \\ /0\ }\ o LA 7‘.\ D/
)
Q b\ ol 4.
. Ne—e
- VaY
'—
4 -
2 -
0 ' ' ' '
0 5 10 15 20 %
Hours, h

Figure 4. Validation of the developed numerical model with an experimental dataset by Demir et al. [59].
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Temperature, °C

10 4

The HHD system is analyzed at different parametric simulations; the main parame-
ters are the burial depth, supplied fluid temperature, air temperature, and pipe spacing.
Figure 5a shows the temperature distribution in vertical distance from the road surface
according to different burial depths at Ty ;; = 10 °C, P, = 0.1 m (NPP = 50) and Tp;, = 0 °C.
The vertical temperature distribution from Hj; = 0 (road surface) to the simulation depth
is given in Figure 5a, by taking the different burial depths (P;) of 0.1 m, 0.15 m, 0.2 m,
and 0.25 m into account. Icing starts at 0 °C on the road surface, and the beginning of the
icing problem occurs at burial depths greater than P; = 0.2 m. The highest temperature is
obtained at P; = 0.1 m, where the burial depth is the closest to the surface. It is seen that
PEX pipes being close to the road surface is an important result in preventing the formation
of snow and ice. In addition, because the fluid is supplied through the pipe at Ty ;, = 10 °C
at the depth where the pipe is buried, the highest temperature occurs in this area at all
burial depths, while the temperature does not change much towards deeper depths. In
Figure 5b, the impact of various supplied fluid temperatures is investigated with the values
of 10 °C, 20 °C, 30 °C, and 40 °C, while T,;, = 0 °C and P, and P; values are 0.1 m. There is
no snow and ice formation on the road surface even for the lowest fluid temperature, and
inherently the temperature of the road surface reaches the highest at 40 °C. Considering
this parametric set in our case study, it can be said that the supplied fluid temperature
of 10 °C is sufficient to prevent snow and ice formation when Py, P;, and T;, are 0.1 m,
0.1 m, and 0 °C, respectively.

b) Pipe
Pipe = Pg&=0.1m | - T=10°C
P=0.15m 407 I o T;a=20°C
P4=0.2m + Tn=30°C
+ Pg&=0.25m . =40 °
{1 g © 30 | T;,=40°C
Concrete N e = (]
surface - 2 Concrete
i L gg 20 surface I
£ L
O
= Al
10 - v:
Icing starts o
T T T o T T
0.0 0.2 0.4 0.2 0.4
Simulation depth, Hy (m) Simulation depth, Hy (m)

Figure 5. Vertical temperature distribution of (a) different supplied fluid temperatures and (b) differ-
ent burial depths at the air temperature of 0 °C.

When the air temperature drops from 0 °C to —5 °C and —10 °C, respectively, the
vertical temperature distribution of the HHD system is plotted in Figure 6a,b, respectively,
while the P, and P; values are 0.1 m. For the air temperature of —5 °C (Figure 6a), it is
seen that the supplied fluid temperature values below 35 °C cannot prevent snow and
ice formation on the road surface, but higher temperatures are able to keep the road
surface temperature above 0 °C. At the air temperature of —10 °C (Figure 6b), only the
supplied fluid temperature of 50 °C is capable of preventing snow and ice formation on
the road surface. Considering the practical applicability of the presented HHD system,
high-supplied fluid temperatures can result in energy losses; thus, the current case (P, and
P; values are 0.1 m) does not seem sufficient for snow and ice melting on the road surface
at air temperatures below 0 °C.
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Figure 6. Vertical temperature distribution of PEX pipes at the air temperature of (a) —5 °C and
(b) —10 °C for Pp= 0.1 m.

To prevent the formation of snow and ice at extreme winter conditions, pipe spacing
is decreased from 0.1 m to 0.05 m and the numerical model is operated for the same air
temperatures of —5 °C and —10 °C, as projected in Figure 7a,b, respectively. When P, is
changed from 0.1 m to 0.05 m, it is seen that the minimum applicable supplied fluid tem-
perature value drops from 35 °C to below 25 °C at the air temperature of —5 °C (Figure 7a).
Similarly, at the air temperature of —10 °C (Figure 7b), the required supplied fluid tempera-
ture decreases to 40 °C. The supplied fluid temperature range of 20 °C—40 °C is usually an
operable range for low-temperature heating solutions in residential applications; therefore,

the proposed HHD system can be combined with low-temperature heating solutions in
near future works.

a) b)

304 i - T;,=10°C « T,,=10°C
Tin=20°C 4 T o T;n=20°C
(=30 °C + Ty,=30°C
T;;,=40 °C

Concrete
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n
o
L

.

Temperature, °C
Temperature, °C

Icing starts Icing starts

0.0 0T2 0.4 0.0 072 04
Simulation depth, Hy (m) Simulation depth, H, (m)

Figure 7. Vertical temperature distribution of PEX pipes at the air temperature of (a) —5 °C and
(b) —10 °C for Pp = 0.05 m.

In case of the availability of high-temperature heat sources, such as boilers, etc. in the
target building, higher supplied fluid temperatures can be considered even if they may
result in higher energy losses. Thus, we increase the pipe spacing and supply the fluid
temperature with higher temperature values. Figure 8a,b show the vertical temperature
distribution of PEX piping with P, = 0.2 m at the air temperatures of —5 °C and —10 °C,
respectively. It is seen that the supplied fluid temperature of 50 °C and 70 °C are applicable
for Figure 8a,b, respectively. By being able to apply high supply fluid temperatures, we can
decrease the required pipe amount. Thus, the increase in fluid temperature may result in
an increment in operating costs but also drops in the pipe investment cost.
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Figure 8. Vertical temperature distribution of PEX pipes at the air temperature of (a) —5 °C and
(b) —10 °C for P, = 0.2 m.

Considering the extreme weather conditions (the air temperatures of —5°C and —10 °C),
we can decide the most convenient operation conditions with respect to the pipe spacing and
supplied fluid temperature by keeping the burial depth constant at 0.1 m. For pipe spacings
of 0.05 m, 0.1 m, and 0.2 m, the corresponding number of parallel pipes (NPP) becomes 100,
50, and 25, respectively. Based on these three different NPP values, the minimum applicable
supplied fluid inlet temperatures are found by using the numerical heat transfer model,
and the vertical temperature distributions are presented for all these cases in Figure 9. At
an air temperature of —5 °C (Figure 9a), it is deduced that the minimum supplied fluid
temperature is 30 °C for NPP = 100, and it is followed by 40 °C for NPP = 50, and lastly
50 °C for NPP = 25. At the air temperature of —10 °C (Figure 9b), the minimum applicable
fluid temperature is 40 °C for NPP = 100, while the maximum is 70 °C for NPP = 25. The
selection of the most convenient case depends on the investment and operating costs.

b)
NPP=100 - T,,=30 °C
NPP=50 - T,,=40 °C
+ NPP=25-T,,,=50 °C

80
NPP=100 - T,,,=40 °C
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N
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Concrete
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Temperature, °C
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Icing starts

0.0

T

0.2 0.4

Simulation depth, Hy (m)

0.2
Simulation depth, Hy (m)

Figure 9. Vertical temperature distribution of PEX pipes at the most convenient cases for the air
temperatures of (a) —5 °C and (b) —10 °C.

Following the thermal performance of the HHD system based on the numerical heat
transfer model, Figure 10 presents the economic performance analysis of the HHD system
according to the parametric values of pipe spacing (and therefore the NPP), air temperature,
the (ten years) increase in natural gas price, and the (ten years) increase in electricity price.
In addition, using the increase in electricity price, the economic performance of the EHD
system (for both the whole driveway and only tire tracks cases) is analyzed. At the highest
air temperature value (0 °C), when the ¢ and e terms are 15% and 20%, respectively, the
total HHD cost is calculated as EUR 4120, 3805, and 4780 for the NPP of 25, 50, and 100,
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NPP=25

NPP =50

NPP =100

respectively. Using the same g and ¢ values, the NPP of 25, 50, and 100 have the total HHD
cost of EUR 4964, 4855, and 5415, respectively, at an air temperature of —5 °C, while the
total HHD cost goes up to EUR 5807, 5280, and 5840 for the NPP of 25, 50, and 100 at an
air temperature of —10 °C. The economic comparison denotes that the piping case with
NPP = 50 is the best trade-off scenario when both investment and operating costs are taken
into account. It is also seen that the decrease in air temperature results in increments in
the total cost term; the greatest increment belongs to the NPP of 25, while the smallest
increment is calculated for the NPP of 100. This shows that a potential application of
the HHD system must be critically analyzed from the standpoint of the investment cost
term. Figure 10 also plots the economic performance of the EHD system according to the
(ten-year) increase in electricity prices. For all e cases, the whole driveway scenario has
a higher total cost than the only tire tracks scenario since both investment and operating
costs are higher in the whole driveway scenario. At the e of 10%, 15%, and 20%, the
total EHD cost is as high as 1.70, 1.72, and 1.74 times for the whole driveway scenario,
which shows that the impact of the operating costs is slightly more dominant than the
investment cost even though both the investment and operating cost significantly affect
the total EHD cost. Based on the given discussions for Figures 5-10, it is worth noting that
the volumetric flow rate has also a critical effect which can remarkably affect the hydronic
heating performance and therefore the ice formation. The increase in the flow rate provides
better heating performance while resulting in a higher operating cost at the constant fluid
inlet temperature. That is, the design of operating conditions needs a trade-off analysis
regarding the thermal and economic trends.
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Figure 10. The total cost of the HHD and EHD systems for different NPP, ¢ and e values.
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After carrying out individual economic analysis for both the HHD and EHD systems,
Figure 11 shows a comparative analysis for three different values of the e term while the
g term is constant at 15%, and the NPP case of 50 is selected since it is found the most
convenient case among others. The EHD-only tire tracks scenario is the most affordable
one in all conditions thanks to its remarkably lower investment and operating costs. It
is therefore the most preferable and economic solution except for critical locations and
applications, such as hospitals, airports, public administration buildings, etc. Even the
g = 5% cases (Figure 10) are considered in the comparison. The HHD system has always
a higher total cost than the EHD-only tire tracks scenario. However, when the HHD is
compared to the EHD-whole driveways scenario, it is definitely a more feasible method at
the air temperature values of 0 °C and —5 °C. At the air temperature of —10 °C, the HHD
system is still more feasible when the e = 20%, but the EHD-whole driveway system is
better at the e of 10% and 15%.

6000

5 2
8 8

Total Cost (Euro)
s 8 8

8 8 8
e=10%

o

HHD - Tair=-5°C
HHD - Tair=-10 °C
EHD - Whole driveway
EHD - Tire tracks

Figure 11. Comparison of total costs for the HHD and EHD cases.

To this end, in case of a continuous and secure electricity supply, the EHD-only tire
tracks can be the first option. However, when the electricity supply and security are
risky, the HHD system should be chosen (in case of accessibility to hot water sources).
Alternatively, as one of the future research points, the possibility of HHD-only tire tracks
can be developed and investigated with the numerical approach.

6. Conclusions
The presented study developed a numerical heat transfer model for hydronic heating

applications in anti-icing solutions. The model was a three-dimensional and transient

model with thermal boundary conditions of the meteorological database. Based on the
developed numerical model, an HHD case study was created according to the parameters
of ambient air temperature, pipe spacing, burial depth, and supplied fluid temperature for

a target building in Istanbul. After that, the economic model was built and the comparison

was performed with the EHD applications of (i) the whole driveway scenario and (ii) only

the tire tracks scenario. The main conclusions are as follows:

e A better anti-icing solution was observed when the PEX pipes were located closer to
the road surface; however, the closest distance should be determined by considering
the safety of the HHD setup in winter operations.

e  Among three different pipe spacing scenarios, the NPP case of 50 was found as the
most convenient solution as it provided the best trade-off economic performance for
preventing snow and ice formation on the road surface.



Sustainability 2023, 15, 2564 19 of 21

e The decrease of NPP provided a significant decrement in the investment cost, but
higher supplied fluid temperatures (and therefore the operating costs) were required
to prevent snow and ice formation.

e  Both the investment and operating costs were significant for the total costs of the EHD
cases; however, the operating cost was slightly more dominant than the investment costs.

e  The EHD-only tire track scenario remarkably decreased the total cost, and therefore it
was the most economic way when affordability was the main decision objective.

e  Compared to the EHD whole driveway scenario and the HHD cases, the HHD was
found more feasible for all g and e values at the ambient air temperature of 0 °C and
—5 °C, while it was more feasible only for e = 20% at the ambient air temperature
of =10 °C.

In light of the foregoing, the developed numerical model states that the HHD is an
economically competitive way of anti-icing solutions and better improvements can be
performed or developed, such as re-designing the HHD scheme with the only tire tracks
option, similar to the EHD-only tire track scenario. Future works can also focus on a
broader investigation that considers other parameters (e.g., flow rate) and climatic regions
with longer-day requirements for anti-icing and more extreme weather conditions.
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