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Abstract. Use of soil thermal energy in systems with thermal pumps is important during cold winters when the
heat extracted from soil is insufficient, as well as when alternative thermal energy sources should be used for
a shorter time. The amount of heat extracted from soil depends on several factors, e.g., cold carrier’s technical
parameters, the depth at which the cold carrier pipes are placed in soil as well as the distance between them,
composition of soil, and average monthly air temperature during the building heating period. Thermal amount
which is necessary for the building heating is influenced by geometrical parameters of a building, air temperature
in rooms, as well as building technical parameters which are estimated by heat loss during the heating period.
A computer program mathematical model of the thermal pumps’ system is developed and analyzed in the paper.
When planning the heating system, the mathematical model provides a possibility of calculating the distance
between cold bearers (which is one of the main thermal pumps’ construction parameters) with certain reserve.
The developed mathematical model can be applied for any outdoor air temperature and soil thermophysical
parameters which are considered when modifying the approximate coefficients. With the help of the computer
system it is possible to analyze the already established thermal pump systems and to predict their efficiency — to
determine the object’s provision with thermal energy during the building heating season, to evaluate additional
functions for the system, etc.
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Introduction

Because of the lack of traditional energy sources
and increased environment pollution, energy saving is
becoming more and more popular. To economically
use traditional energy sources, as well as to acquire
and utilize more extensively the alternative energy
sources, application of modern technologies is
increasing throughout the world. The most commonly
used environment-friendly alternative energy sources
are wind, sun, soil, and water. In Latvia, use of
thermal pumps is expanding as they allow utilization
of one of the alternative energy sources — solar
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heat accumulated in soil, water, air — with minimal
electrical energy consumption.

The heat accumulated in soil upper or deeper
layers can be used by installing boreholes in the
soil (Blumberga, 2008). Under Latvia’s climatic
conditions, the soil upper level is rarely freezing
deeper than 1.2—1.5 m.

Soil heat is usually used for building heating
and water heating. The thermal pump heating
system consists of three parts: surface collectors for
extracting the heat from soil, a thermal pump for
concentrating and shifting the external environment
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Fig. 1. The scheme of using soil surface heat for the building heating (Fakti par ..., 1997).

heat intended for heating of the building and water,
and internal building heating systems (Fig. 1)
(Fakti par ..., 1997).

For the building heating systems which use heat
accumulated in the upper soil level, the cold carrier
usually is made from polyethylene pipes.

The amount of heat extracted from soil and the
power of heating system are influenced by the cold
carriers’ parameters (material of pipes, thickness,
internal diameter), depth and distance between the
pipes, soil texture (clayey, sandy, etc.), soil moisture,
and soil freezing depth. When designing the building
heating systems, it is very important to evaluate these
parameters in order to provide minimal additional
heating for the building heating system during the cold
winter months. If there are mistakes in the process of
engineering the heating system, system defects and
even system work breaks during the heating season
are possible. Mathematical modelling is widely used
in the world (Blumberga, 2008; Hectors, van Reusel,
Driesen, 2008; Cepite, Jakovics, Halbedel, 2008;
PrzyLucki, 2008; Kuvaldin, Lepeshkin, 2008) for
solving technical issues in various sciences.
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The purpose of the research was to develop
a mathematical model which would include the
above-mentioned parameters, climatic conditions,
different soil types, and building heating loss,
which influences the heating system operation.
By means of the developed mathematical model,
the necessary distance between cold carriers can be
determined.

Materials and Methods

A theorem in mathematics has been proven that
for a correctly formulated mathematical physics
problem (in our case it consists of equation (1),
beginning condition (5), and boundary conditions
(2-4)) there is only one solution — formulas (14-16).
The problem solution scheme is well known and
relatively large therefore, in this paper, it is not
reflected fully but only to the extent that specialists
in this field could develop a solution (14-16).
For demonstration purposes the paper presents
two cities, Dobele and Daugavpils, with different
climatic conditions and two types of soil (sandy
loam and loamy sand), polyethylene cold carrier
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Fig. 2. The scheme of the mathematical problem for the building heating using thermal pumps.

pipes with internal diameter of 40 mm, built at the depth of 1.2 m, distance between the pipes — 1.5 m. Also
other values are used.

It can be assumed that in a definite soil area G (x € (0;b) y € (0,h)) (Figs 1 and 2) there are installed cold
carriers that serve as heat energy transformers for the building heating.

In order to calculate temperature division in soil, which in the plane xy (Figure 2) is presented as dotted cold
carriers, a mathematical physics problem can be formulated. It consists of:

— non-stationary heat conduct equation:

oT a &
5=CZAT'FX(](K)ZS(X_XOk;y_yO), )

k=1
where

T — temperature, °C;

t — time,s;

A — soil thermal conductivity coefficient, W m' K'';

A
a= w temperature conduct coefficient, m?s (¢ — soil specific thermal capacity, J kg K*';
P p — soil density, kg m™);
o* o’
=+t - Laplace operator (x, y — coordinates);
ox* oy

q(t) — cold carriers’ intensity (rate), W m’';

O(X-Xys YY) — colq carriers’ delta function (describes dotted coordinates x;, and y, of cold
carriers), m?;

N — number of cold carriers in soil;

— boundary conditions in the direction of x axis (heat does not move in the direction of x axis at area
limits x=0 un x=b):
oT oT

=0 and

= =0 )
8x x=0 ox x=b

>

where

b — area latitude, m;
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Table 1
Approximation coefficients of functions f,(t) and f,(t)
) Coefficient a, values for function f(t) Coefficient b, values for function f(t)
Location : i
1 2 3 1 2 3
Dobele
0.0014 -0.2666 7.1821 0.00009 -0.0465 10.410
(sandy loam)
Daugavpils 0.0015 -0.2760 6.3384 0.00020 -0.0660 11.118
(loamy sand)
— boundary conditions in the direction of y axis:
T, =fi(0), 3)
which defines temperature change on soil upper level during the heating period:
T\y:h =f,(1), 4)
which defines temperature changes in soil depth (h) during the heating period;
— beginning condition:
T|oy=F(0.y). ()

where function F(0,y) defines temperature division in the defined soil area G(x € (0;b) y € (0,h) ) during time
t=0 (Figure 2).
Functions f(t) and f,(t) of the expressions (3 and 4) describe the average temperature change during the

heating season, which close to the experimental measures (CrnpaBodHuK ..., 1965) can be approximated by
polynomials:
fi(t)=a,t> +a,t+a,, (6)
f,(t)=b,t> +byt+bs. ©)

Coefficients a and b, of the expressions (6 and 7) can be developed by the smallest quadrate method, which,
for example, for the Dobele sandy loam soil and the Daugavpils loamy sand soil are presented in Table 1 (time
periods were measured in days, the heating season started on October 15).

Figures 3 and 4 present the experimentally defined (CrpaBounuk ..., 1965) average monthly temperature
and its approximation functions f|(t) and f(t).

In a sufficient depth, where annual temperature does not change, the geometrical gradient exists from
0.01 to 0.037 K m™! (Pandalons, Iljins, 2001), which at a sufficient value (A=1.5 W m™" K™') of soil thermal
conductivity produces heat flow of 0.015-0.055 W m?, which, in its turn, is very little and may not be taken
into account regarding the building heating. As the function’s f(t) derivation according to y is proportional to
the geometrical gradient, the function’s f,(t) derivation according to y should be zero (0), which means that at
the soil area where cold carriers are installed, heat from deeper soil layers is not supplied.

The mathematical physics problem (1-5) is solved using the popular method of variables separation.
The scheme of the method is well known and described in mathematics textbooks. The scheme extension
is relatively long and consists of lines of various integrals’ calculations and long algebraic transformations,
therefore all mathematical transformations are not presented. All necessary formulas are presented for a reader
to calculate a solution.

Attention has to be drawn to the function F(t, x, y) (5). This formula has to be presented in
a simple form, but maximum close to the actual soil temperature division. As there is no foundation
to consider that at the start moment t=0 temperature division exists on X axis, it is presumed that
function F does not depend on x. The function’s F dependence on y can be developed differently. One of the
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Fig. 3. Changes in the monthly average temperature f(t) during the heating season (starting on October 15)
in the soil upper level (y=0) in Dobele (sandy loam) and Daugavpils (loamy sand).
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Fig. 4. Changes in the monthly average temperature in soil f,(t) during the heating season
(starting on October 15), y=h=3.2 m, in Dobele (sandy loam) and Daugavpils (loamy sand).

possibilities described by the authors is to construct the function F as a linear combination of the functions
f,(t) and f(t). However, the obtained data varied significantly from the temperature division data on y
coordinate found in the literature (CrpaBounux ..., 1965). Therefore the authors chose quadrate function’s
F dependence on y:

2
F(t;y) = f,(0) + 2[6, () - £, (0] % -[f,-f,m] }f—z (8)

which corresponds to the literature (CripaBounuk ..., 1965) data. At the same time, function F has to satisfy
certain limits which are discussed further in the text.

Compliance of the beginning condition (5), given by formula (8) at t=0 F(0, y), with experimental data
is shown in Figure 5.

The basic idea of the variables separation method is to find the problem (1-5) solution as an
infinite-line sum, where each line member is a multiplication of three functions; moreover, each of these
three functions is only a function for a single argument function. Construction of a solution is possible only if
problem limits (2-4) are homogeneous. The limit (2) is homogeneous, but limits (3, 4) are not homogeneous.
Thus, the solution by substitution
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Fig. 5. Dependence of the function F(0, y/h) on the relative depth y/h at the beginning
of the heating season, October 15, in Dobele.

10,0 :
g0 1Te®.°C T, =0.0013t> - 0.2527t + 7.5412
2 2 _
4\ R2=0.9756
6,0
\ .
4,0 N

2,0 \ *

w0 AN /

20 AN pd
2 \ I

-4,0 \\. ____/:/

-6,0
0 20 40 60 80 100 120 140 160 180 200 t,d

Fig. 6. Changes in the average monthly air temperature T (t) in the heating season,
starting on October 15, in Dobele.

T(t,x,y) =F(t,x,y) + U(t,x,y) , )

is divided into two parts. If the function F satisfies the limits, the function’s U homogeneous limits remain.
As it is seen, the authors’ constructed function (8) does not contain coordinate x, and function’s F(t, y) limits
(2—4) are satisfied. Thus, function’s U limits are homogeneous.

The second function which should be found is the necessary intensity q(t) of cold
carriers’ dependence on time. This can be developed presuming that cold carriers’ intensity
is proportional to the monthly average temperature difference in the inside and outside air.
Using (CrpaBouHUK ..., 1965), data of an average monthly temperature change during the heating season
in the Dobele area is developed (Fig. 6). This dependence can be quite precisely approximated by a
polynomial:

T,(t) =pt* +1t+q, (10)

where coefficients p=0.0013 K d?, r=-0.2527 K d’!, and q=7.5412 K are obtained by the smallest quadrate
method (time (t) is calculated in days, starting on October 15).
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Latvian building standards (Latvijas buvnormativs ..., 2001) present values of the coefficient h, in dwelling
houses, retirement homes, hospitals, and kindergartens. The normative heat loss coefficient H. for those
buildings can be determined according to formula:

Hip =h,A, (11)

where

h, — specific heat loss coefficient of a building’s one-square meter floor area (h, values for
one-, two-, three-, four- and more storey buildings are, respectively, 1.05, 0.8, 0.7, and
0.6 W m? K!) (Latvijas bavnormativs ..., 2001);

A — sum of floor area at all building stories, m?.

Then the cold carriers’ intensity q(t) can be found using formula:

N _H

qt) = I T(Ti —T.(V)> (12)

where
N(t) - total heating capacity used, depending on time, W;
L — cold carriers’ total length, m;

T, — internal temperature of a building, °C.

Considering formulas (10) and (11), the expression (12) can be rewritten in the following form:

q(t) =c,t* +cyt+cys (13)
where
¢ :hiAPQ
) :hATA ;
C3 = h/]iA (Ti-q).

For example, considering values T=20 °C, A=274 m’, L=600 m, and h,=0.8 W m? K", the following
coefficients are obtained: ¢,=-0.0004749 W m™" d~, ¢,=0.09233 W m™ d"', and ¢,=4.5516 W m"".

Results
By solving problems (1-13) of mathematical physics by the method of separation of variables, a solution as
an infinite line sum is obtained:

T(t,x,y) =T(t,y)+ U(t,x,y), (14)

where the expression’s (14) first member does not contain coordinate x. The expression’s (14)
first member is calculated by summing the variable index j:

T(t,y) =F(t,y)+ Zﬁ)j(l —exp(—anjzt) +E;t+ thz)sin n;y. (15)
=

The function F(t,y) is presented by expression (8), but coefficients F, E, D, can be solved using formulas:

v 1 2y 1 1 2y,
F, = ;,Ejz —|Bi- 21 sand Dj=——a;———|B;——5||.
n;a nja nja nja nja nja

where
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b, —a, 2(b, —a,) 2a h 2 l-cosmj. B w1 2 h.
(X,j: h2 Cj_ h dj_hT(b3_a3)Cj’ where Cj:;'f’ dj_(_l)J ;?’
2 h? i 2 l-cosmj]|.
e = _..[(_1)J +2..21],
T T j
numerical values of coefficients a _, and b, are presented in Table 1;
2(b, —a)) 4(b, —a,) 2a
B;= " e — N d;— 2a1+h—2(b2—a2) Cis
2a
Y; =_h7(bl —a;)c;.
The function U in expression (14) is a double sum of variables i and j:
U(t,x,y) = EE(QU(I - exp(—auijzt))+ Rjt+ Pijtz)cos Gix-sinm;y, (16)
where 4ac, sinm;y, N .
: i =———————2c08(;X >
o= ! b SRk
b , , Q. = Tij _Rij .
i Y - § g
My =G+ :[gj +(f) ’ ayj
4ac,sinn.y, N
o == 7T S0l x g
P = Ty T S
ap
oy = ékacl}s:% gcos EiXop b N — number of cold carriers in area G;
Bij 2P, k= Xoeo Yo — cold carriers’ coordinates, m;
ij = 3H1j2 =’ C,,C, ¢, — are taken from expression (13).

Figure 7 shows temperature division in soil (h,=0.8 W m? K", A=274 m?), which is calculated by
using formulas (15) and (16). In Fig. 7A, temperature on the cold carriers’ surface is identical (the lowest
temperature is -4.1 °C), except on the cold carriers on either side of the graph, where the temperature is
higher. Fig. 7B demonstrates that with the decrease of the distance between the cold carriers, decreases also
the temperature on their surface (first group —-5.5 °C, second group — -4.6 °C, third group —-3.9 °C).

8 1 8 1
6 T,°C 30m 6 T.°d — 3.0m
4 4 ’
e 1.8m __?\..-"""‘-f____ ’F‘: 1.8 m
2 /. 12m 2 N\ N
0 0 " L7 it -
2 \IY AAAAAA"‘[/ 06m -2 \ f\ / \\ i(l)zm
YWYV - Y} -o0em
-4 i i -4 it Om
-6 Om -6 B
0 5 10 15 20 25 X, m 0 5 10 15 20 25 xm
A B

Fig. 7. Examples of temperature division at various soil depths y (h,=0.8 W m? K),
depending on the placement of cold carriers:
A — cold carriers placed at an equal distance of 1.5 m; B — three groups of cold carriers placed at
different distances (in the graph — from the left): 1st group — at the distance of 0.75 m (4 cold carriers);
2nd group — at the distance of 1 m (3 cold carriers); 3rd group — at the distance of 1.5 m (3 cold carriers).
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Fig. 8. The temperature on the cold carriers’ surface, t=112 d (days), starting from the beginning
of the heating season (October 15), depending on the distance between the cold carriers (d),
for different building specific heat loss coefficients, h,=0.5-1.1 W m? K,
at cold carrier’s diameter of 40 mm and installation depth y =1.2 m.

Since constructively it is not allowed that the
temperature on cold carrier’s surface is lower than
-5 °C (Viesmann ..., 20006), it is necessary to
develop a computer program which would analyze
temperature division in soil according to the
following algorithm. Firstly, the collectors’ working
time has to be chosen when the temperature on
the cold carrier elements is the lowest. It could be
110-115 days (i.e., on February 2—7) beginning from
the system’s start-up on October 15. At this time,
using formulas (15) and (16), a graph is developed
according to the parameters of the building,
soil, and climate (Fig. 8). For example, if
h,=0.8 W m? K', A=274 m’ y =12, the cold
carrier’s diameter is 40 mm, and the lowest
temperature on the cold carrier’s surface is -4 °C,
then distance between the cold carriers has to be
1.6 m. Whereas, if the distance between the cold
carriers is 1.0 m, the lowest temperature on the cold
carriers’ surface will be approximately -5.2 °C,
which means that pauses in the system’s operation
might occur. The graph shows temperature on the
average cold carriers’ surface depending on distance
(d) between them at different values of the building’s
specific heat loss coefficient h,. The building heat
loss coefficient can be determined by the building’s
heat usage in the previous years or by the building
project energy audit. The minimal distance between
cold carriers, demonstrated in Figure 8, is determined
for engineering the thermal pump, which will allow
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to keep the temperature at the necessary temperature
limit, i.e., at -5 °C .

Conclusions

1. The mathematical model with an appropriate
computer programme, using a surface collector
for extracting the soil heat, ensures the following
benefits:

— designing of the soil heat usage systems (to
determine parameters of systems) for heating
of dwelling houses and water. The program is
able to evaluate collectors of different diameter,
depth, and distance;

— evaluation and analysis of various soil
heat usage  projects with  particular
parameters of thermal pumps, collectors

(material, size, installation depth, distance
between collectors, and total length), soil
(soil type, moisture, density, etc.), as well as
climatic conditions (air temperature) of the
geographical area. For example, specification of
the winter air temperature, at which the system
will be able to heat the building, as well as
prediction of the number of days, during which
alternative heating sources will be used at a low
air temperature;

— analogical analysis of the constructed soil heat
usage systems, as well as determination of
whether additional building or water heating
systems can or cannot be connected.
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2. The mathematical model and computer program 5. Kuvaldin, A., Lepeshkin, A. (2008)
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Anotacija

Zemes virskarta akumulétas siltuma energijas izmanto$anas sistemas ar siltuma stikniem ir svarigi, lai aukstas
ziemas, kad no zemes iegiitais siltuma daudzums ir nepietickams, €kas apsildiSanai péc iesp&jas Tsaku laiku
bitu jaizmanto alternativi siltuma energijas avoti. No zemes virskartas ieglistamais siltuma daudzums ir
atkarigs no vairakiem faktoriem, piemeram, aukstuma nesgja tehniskajiem parametriem, aukstuma nesgja
caurulu novieto$anas dziluma zeme un to savstarpgja attaluma, grunts veida un mitruma, ka art no apsildamas
¢kas ara gaisa ménesu vidgjas temperatiiras &kas apsildes perioda. Savukart ekas apsildiSanai nepiecieSamo
siltuma daudzumu ietekmé apsildamo telpu geometriskie parametri, telpas nodro§inama gaisa temperatiira, ka
arT ckas tehniskie parametri, ko noverte ar siltuma zudumiem apsildes perioda. Darba izstradats un analiz&ts
siltuma stikna sistémas matematiskais modelis ar datorprogrammu, kas sistémas projektéSanas gaita ieverte
iepriek§mingtos faktorus. Matematiskais modelis dod iesp€ju, projektjot apkures sist€ému, aprékinat ar
zinamu rezervi aukstuma nes€ju savstarpgjo attalumu, kas ir viens no galvenajiem siltuma stkna izbtives
parametriem. Izveidotais matematiskais modelis ir piem@rojams jebkuram ara gaisa temperatiiram un jebkuriem
grunts termofizikalajiem parametriem, kas tiek ievéroti, vari€jot attiecigos aproksimacijas koeficientus. Ar
datorprogrammas palidzibu iesp&jams analiz&t arT jau ierikotas siltuma stiknu sistémas un prognozéet to darbibas
efektivitati — noteikt objekta nodroSinajumu ar siltuma energiju €kas apsildes sezona, novertét iesp&jas sist€émai
uzticét papildu funkcijas u.tml.
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