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WLADYSLAW NOWAK!, ALEKSANDER A. STACHEL!

Modelling of thermal-hydraulic processes of geothermal energy
extraction and utilization

In the work presented have been selected problems concerned with modelling of thermal-hydraulic
systems of extraction and utilization of geothermal energy for the purpose of heating. With respect
to temperature of extracted geothermal water and a value of return temperature of municipal water,
independently from the system of geothermal energy extraction, there are two kinds of installation
solutions in the geothermal power station on the geothermal water side used, namely heat exchangers
co-operating with peak-load boilers and heat exchangers with absorption heat pump and peak-load
boilers. The first solution is used for higher temperatures of geothermal waters and the second one is
used in the case of lower temperatures of extracted water. The applied solution depends also on the
temperature of feeding and return municipal water, which directly results from applied design of district
heating network, i.e. kind and way of connection of heat receivers. The method of assessment of the
possibility of extraction and utilization of geothermal energy in selected district heating networks, where
qualitative regulation is used in a parallel combination of two groups of heat receivers and implementation
of geothermal water heat exchangers has been also described. Presented methodology enables to conduct
a comparative analysis of network designs with parallel connection of two different groups of heat receivers
independently of applied systems of geothermal energy extraction. It can also be the basis for conducting
economical analysis of comparable variants in both cases.

Nomenclature
m — mass flowrate, kg/s Q —  heat, J
|4 -~ volumetric flowrate, m3/s T = temperature, °C
() —  heat flux, W T=7"/7{~  reduced heating time
© — share of radiator-type heating,
Subscripts

g —  regards radiator-type heating s — regards municipal water,

or geothermal water, z — regards feeding temperature
n = regards floor-type heating or external temperature,

or return temperature, w — regards the heat exchanger

!Technical University of Szczecin, Faculty of Mechanical Engineering, Department of Heat
Engineering, 70-310 Szczecin, Al. Piastéw 19
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1. Introduction

Poland belongs to the countries, where resources of geothermal springs with
temperatures in the range from approx. ~ 30 °C to ~ 120 °C are rich. Particularly
good conditions for exploration of such waters exist in the Szczecin-L4d7Z region.

Geothermal waters can be utilized in district heating networks as a sole heat
source or in combination with other sources of energy. The first solution is justi-
fied in the case when a sufficient amount of geothermal water is available with
temperature exceeding 100°C. In the case of using geothermal water with lower
temperatures, the geothermal thermal power station should usually be enhanced
by an additional heat source. In such case there can be used various combinations
of systems, where the choice is dependent on several factors [1, 4].

In extraction of geothermal energy most often are used two basic systems, na-
mely single and two-borehole systems. With respect to temperature of extracted
geothermal water and a value of return temperature of municipal water, indepen-
dently from the system of geothermal energy extraction, there are two kinds of
installation solutions in the geothermal power station on the geothermal water
side used, namely

e heat exchangers co-operating with peak-load boilers,

e heat exchangers with absorption heat pump and peak-load boilers.

The first solution is used for higher temperatures of geothermal waters and the
second one is used in the case of lower temperatures of extracted water. The ap-
plied solution depends also on the temperature of feeding and return municipal
water, which directly results from applied design of district heating network, i.e.
kind and way of connection of heat receivers [1, 2, 4].

Thermal efficiency on the geothermal water side is influenced both by a vo-
lumetric efficiency of geothermal water as well as its temperature at extraction
and feeding. Temperature of extracted water, in the case of classical single and
two-borehole systems, can be determined based on simple relations, independen-
tly from values of feeding water. In the case of single-hole extraction-feeding
systems the temperature of extracted geothermal water depends both on the rate
of extracted geothermal water and its feeding temperature.

In the present work presented has been the method of assessment of the po-
ssibility of extraction and utilization of geothermal energy in selected district
heating networks, where qualitative regulation is used in a parallel combination
of two groups of heat receivers and implementation of geothermal water heat
exchangers.

2. Systems converting geothermal energy

It has been assumed that the geothermal power station supplies heat to re-
cipients equipped with two differentiated types of heating installations, namely
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radiator or floor-type ones. Required heat is produced in a central heat source.

Geothermal water with temperature 7; and volumetric flowrate V is taken from
the extraction hole and pumped through a geothermal water heat exchanger,

where energy contained in geothermal water is transferred to municipal water.
The heat produced in the heat source is distributed to recipients by means of
the water main encompassing a system of water circuit together with pipelines of
feeding and return municipal water. Municipal water is directed to the recipients
of heat connected in a parallel way and analysed have been two different systems
of combination of geothermal power station with recipients. In both cases there
has been used a qualitative regulation of a rate of supplied heat.

First schematic of a geothermal power station has been presented in Fig. 1.
In the system of a modified geothermal power station, consisting of a geothermal
water heat exchanger and a peak-load boiler together with the existing network
of high-temperature receivers, there is a possibility of additional modification by
gradual incorporation of low-temperature receivers. A parallel inclusion of gro-
ups of low-temperature heat receivers increases the efficiency of operation of the
entire system.

A characteristic feature of described system is that, with a preserved network,
the feeding temperature of both groups of heat receivers is the same in both cases
and corresponds to the temperature resulting from the regulation graph for the
radiator-type heating. On the other hand, the municipal water temperature at
the outlet from both groups of receivers is differentiated and independent from
the external temperature, which occurs in both cases.

The second system of geothermal power station schematic has been presen-
ted in Fig. 2. This kind of installation, realized in real conditions, can be found
predominantly in newly designed and newly developed district heating systems
with different, separated feeding of particular groups of low and high-temperature
heat receivers. Such solution enables utilization of available geothermal energy in
a more effective way than in the case of the first system. In the presented system,
municipal water with differentiated temperatures is directed to both kinds of heat
recipients. Temperature of municipal water supplied to the radiator-type heating
and floor-type heating results from regulation graphs corresponding to particular
kind of heating.

Return municipal water from the floor-type heating is directed to the heat
exchanger if the flowrate 7, exceeds the flowrate 7, and then a part of mu-
nicipal water rhp, is directed through a bypass, whereas in the case when the
flowrate 775y is lower then the flowrate 7h,, a missing amount of municipal water
is supplemented by the stream of municipal water from the conventional heating
tigy. Remaining flowrate of water from radiator heating rg, is directed back to
the pipeline feeding the radiator-type heat receivers.

In the case, when temperature of municipal water beyond the heat exchanger
is lower than required, which results from the regulation graph for a given kind of
heating (i.e. radiator or floor-type one), then utilized is a peak-load boiler, where
municipal water from the radiator-type heating or even floor-type heating attains
the required temperature.
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3. Assessment of the possibility of extraction of geothermal energy

Assessment of the possibility of extraction of geothermal energy can be con-
ducted on the basis of a characteristics of the geothermal bed, which encompas-
ses amongst the others, a maximum volumetric flowrate of geothermal water,
maximum temperature, thickness and depth of location of geothermal bed, mi-
neralisation of geothermal water and the bed exploitation time. Very often on
such basis, in the case of assessment of the possibility of extraction of geother-
mal energy, there can be constructed graphs of acquired geothermal energy heat
rates in function of volumetric flowrate of geothermal water, its temperature and
feeding temperature, where the latter value is closely connected with a return
temperature of municipal water [2, 3]. In the opinion of present authors such
assessment of the possibility of geothermal energy acquisition for heating purpo-
ses, independently of the kind of utilized system design, can be conducted more
precisely if apart from the geothermal bed characteristics considered will also be
a characteristics of the district heating network encompassing also a regulation
graph and district heating operation time.

For assumed operation time of thermal installation (73) with a qualitative re-
gulation of network if the mass flowrate of municipal water (1) is constant and
flows in its entire volume through the geothermal water heat exchanger (i),
then the amount of available geothermal energy can be determined from the re-
lation

Qg = mscstg (Tsz — Tsp) = ThawesTg [(Tg — 2) — Tip). (1)

Mass flowrate of municipal water flowing through the geothermal water heat
exchanger can be determined based on a volumetric flowrate of geothermal water,
with assumption of utilization of counter-current multi-plate heat exchangers and
assuming equal rates of thermal capacities of both liquids

: : c

T Vgpg_g' (2)

Cs

From above relation and (1) results that the amount of available for extraction
geothermal energy is a function of several variables

Qg e f(‘./gaTgaTSpaTg)‘ (3)

Sample graphs illustrating the influence of geothermal water parameters and re-
turn temperature of municipal water on the amount of available for extraction
geothermal energy in the heating seasons have been presented in Figs. 4 and 5.

4. Thermal-hydraulic calculations of a system of extraction of geo-
thermal energy

In further considerations it has been assumed that the demanded by recipients
heat for heating purposes, which has been prepared in the central heat source,
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is distributed using a district heating network, where two groups of recipients
connected in a parallel way have been included, presented in Figs. 1 and 2. Pre-
paration of utility hot water takes place individually in dwellings, where gas or
electric water heaters are installed. Such solution enables utilization of lower tem-
peratures of feeding municipal water, particularly in the case presented in Fig.
2. In the present analysis it has been assumed that in the considered networks
for both groups of heat receivers (radiator and floor-type ones) there is used a
qualitative regulation, i.e. the amount of transferred in receivers heat is control-
led by the feeding temperature of municipal water 7T, in function of external
temperature 7, according to relation

I —a-Ebl., (4)

On the other hand return water temperature Ty, and the flowrate of municipal
water are constant quantities.

Demand for the thermal power can be determined based on a maximum heat
flux for heating purposes, which can be obtained from the relation

. 5 20 —1T, . 20— T,

Qco = Qcomaxm = Qcomax“—g(),—a (5)
if minimum external temperature is T} y;,m = — 16°C, and temperature in dwellings
is T}, = 20°C, or based on parameters of municipal water from the relation

Qeo = mscs(Tsz = Tsp)- (6)

Substituting (6) into (5) the following relations describing coefficient a and b of
the straight line (4) have been determined

20
a = Tsp Sl _(Tsz max — Tsp)a (7)
36
1
b= _%(Tszmax o Tsp)- (8)

Knowing the coefficients a and b in the equation of a straight line we can de-
termine the change of feeding temperature of municipal water T, in function
of external temperature 7%,. Re-arranging expression (6) for a maximum feeding
temperature of municipal water we can obtain a relation describing the mass
flowrate of municipal water

QCO max

Cps (715,2 max ~ Tsp)

= idem. (9)

T =

Presented above considerations pertain both to radiator and floor-type heating.
In the case of simultaneous implementation of radiator and floor-type heating we
need to determine a mean temperature of return water. If a share of radiator-type
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heating is denoted by (i), and the share of floor-type heating is denoted by (1—¢),
then mass flowrates of municipal water feeding the radiator and floor heating
systems can be determined from (9), respectively

. @Qco max ; (1 i @)Qco max
Misgi—= e . 10
o Cps (ng max — Tgp) i Cps (sz max — Tpp) ( )

During calculations of the demand for heat for heating purposes Q. = Q., there
has been utilized a universal reduced external temperature graph, constructed by
Raiss [5] and approximated in function of a reduced time 7 = 7* /73 in the form

—%szﬁ _T::m =[1-¢7+ ?(1-v7)]. (11)

Then the total heat demand in the heating season can be determined from the
expression
T0=1
Quo = rivsests [ (Tyz ~ Tup)ir. (12)
0

Assuming, that the lowest reference temperature for external conditions for the
considered climatic zone is T, py;, = — 16°C and, that the lowest external tempe-
rature when the heating starts is T,y = 12°C, then after determination of external
temperature from re-arranged relation (11), considering (4), (12), and integration
and simple re-arrangements we can arrive at

1l

=i Tl (13)

Qeo = Qe = 7"nscs'rf)k (CL e
The amount of extracted geothermal heat can be considered in a twofold manner.
The first part of acquired geothermal heat is connected with heating of municipal
water, which flows through the heat exchanger in the amount of 7h,, and its
temperature changes from the return temperature Tsp to the temperature beyond
the heat exchanger (i.e. T = Ty - 2 K) and can be determined from presented
below relation, where an assumption 1y = 10, holds

Qg1 = Mgesti (T, — o ) (14)

The time 7§ = 7§71 means that the period of full utilization of geothermal energy

described by a relation describing the reduced time 1 = f(T},) according to a

formula :
T;;:Tg—2=a+b[—16+28(711/3—712+715/2)]. (15)

The second part of acquired geothermal energy in the period from 7, to 7y, due
to the fact that the temperature of water beyond the heat exchanger is T%, and
1s higher than the required feeding temperature of municipal water TF, > T,
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then it is equal to the amount of heat resulting from the regulation graph and is
determined from relation
o
(lya — Mrscity /(Tsz =0 (16)

T

In Fig. 3, which illustrates the ordered demand for heat for heating purposes there

=
Q2
(kW]

4 {Tu®) To T

Fig. 3. Coverage of heat demand for heating purposes from geothermal resources Qg1 and Qg2 and a
peak-load boiler Q.

has been shown, in the form of relevant fields, the amounts of acquired geothermal
heat Q41 and @42 as well as the amount of heat supplied by a peak-load boiler Q.
In calculations of the total geothermal heat Q, = Qg1 + Qg2 it is convenient to
utilize the total heat demand in the heating season (). determined from relation
(13). A simple relation can be written, that

Qc == Qk = le =+ QgZ = ch -+ Qg?- (17)
The amount of heat for heating purposes Q. in the period of time from 7* = 0
to 7* = 7{ can be determined from a simple relation
m
Qa="nicrg /(Tsz — Tep)dr =
0

2
= 1msceTy |a + b — 167 + 217’4/3 — —87-3 + 87—7/2 E il Rl 18
0 1 e 1 p

Then the total amount of acquired geothermal heat can be determined from a

formula
Qg = Qg +Qp2=Qc— Qa1+ Qg1 (19)
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where particular components Q., Q1 and Qg1 can be determined from correspon-
ding relations (13), (18) and (14).

Presented above relations enabled to conduct calculations, which are indispen-
sable in construction of relevant graphs presented in Section 5.

5. Results of calculations and concluding remarks

~ In calculations a maximum heat flux for heating purposes in the amount of
Qcomax = 8000 kW has been assumed. Maximum feeding temperature of mu-
nicipal water corresponding to a minimum reference external temperature 7, =
— 16°C, are respectively: for radiator-type heating Ts; max = Tgzmax = 90°C, for
floor-type heating: Ts; max = Tpzmax = 60°C. On the other hand mean temperatu-
res of return water are constant and in the case of various variants of calculations
these have been assumed as follows: for radiator-type heating: Ty, = Ty, = 35,
40°C, for floor-type heating: Ty, = Tpp = 20, 25, 35, 40°C. Assumed has also been
the length of the heating season, which is equal to 182 days (4368 h). Temperature
of extracted geothermal water is constant and in the case of different variants it
has been assumed the following values T, = 45, 55, 65, 75 or 85°C. Volumetric
rate of geothermal water can vary in the limits as follows: V, = 50+150 [m?/h].

In order to assess the influence of the share of particular groups of heat rece-
ivers on the rate of utilization of geothermal energy for both systems of instal-
lations, considered have been five variants with different shares of radiator and
floor-type heating, presented in Tab. 1.

Table 1. Share of the kind of heating in particular installation variants

Share of Variant number

1.2 3[4‘5

radiator heating () il 0:75 [ '0.5].0.25 | 0:0

floor heating (1 —¢) || 0.0 | 0.25 | 0.5 | 0.75 | 1.0

From conducted calculations and constructed graphs for particular va-
riants of both systems, for different values of geothermal water and return tem-
perature of municipal water, presented below will only be selected graphs, which
have a significant influence on the assessment and comparison of both considered
systems.

In Figs. 4 and 5 presented are graphs, which characterize the geothermal
source. It results from Fig. 4 that the amount of acquired geothermal energy
increases linearly with the increase of temperature of geothermal water or with



54 W. Nowak, A. A. Stachel

180000 [ [
160000 +— :
X, ——Tsp=25°C /
g 140000 +— ki >
15} ~4%— Tsp=30° : ¥
= 120000 +—| i /‘( el
2 - Tsp=35°C / //
@ 100000 +—| = L
2, —#—Tsp=40°C ! W h
S 80000 1— - 5
E /‘ o
S 60000 A
= A
8 40000 e 7(
20000 & / L_
& Vg=150m3/h|
0 et A 9
25 35 45 55 65 75 85
Temperature of geothermal water Tg [*C]

Fig. 4. Potential possibilities of acquisition of geothermal energy in geothermal power plant in function

of temperatures: extracted geothermal water (Ty) and return municipal water (Tsp).
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of geothermal water temperature (Ty) and a volumetric flowrate of geothermal water (V).
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return municipal water temperature (Tsp).
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decrease of return municipal water. Somewhat different trends can be observed in
Figs. 6 and 7, where the possibility of utilization of geothermal energy is presented,
as that depends also on the characteristics of heat receivers in the district heating
network. For that reason the amount of utilized geothermal energy increases with
the increase of geothermal water temperature, at the first stage linearly, and then
beyond some limiting value of temperature the increases are correspondingly lo-
wer. With an increase of temperature of geothermal water gradually observed is a
reduction of the influence of decrease of return water temperature on the amount
of utilized geothermal energy. A value of the limiting temperature of geothermal
water is determined by the characteristics of geothermal source and receivers,
as well as district heating network. From the graphs it results that the incre-
ase of utilized geothermal energy obtained by reduction of the municipal water
temperature is justified only up to some values of geothermal water temperature
(Ty <~ 65°C). In the case of system I, due to assumption that the temperature of
feeding municipal water is determined from the regulation graph of radiator-type
heating, the Fig. 6 pertains to variant 1 (only radiator-type heating) and variant
5 (only floor-type heating). Therefore, the amount of utilized geothermal energy,
for a given temperature of geothermal water, in the case of variants 24 depends
only on the temperature of return municipal water.

In the case of the system II, on the other hand, for variant 1 there is valid
a graph presented in Fig. 6 (radiator-type heating), and in the case of variant
5 there is valid a graph presented in Fig. 7 (floor-type heating). It results from
the fact that temperatures of feeding municipal water are different in the case of
radiator and floor-type heating. Due to that fact, the amount of utilized geother-
mal energy in the case of variants 2+4, for a given temperature of geothermal
water, depends on the temperature of feeding and return municipal water. From
the comparison of graphs presented in Figs. 6 and 7 there results a very be-
neficial influence of reduction of the temperature of feeding municipal water in
the case of the floor-type heating on the amount of utilized geothermal energy.
For example, for both systems at selected temperature of geothermal water, in
Figs. 8 and 9 presented has been the influence of implementation of variants 2-+4
and temperature of return municipal water on the amount of utilized geothermal
energy. Quite clear is the influence of increase of the share of floor-type heating
as well as the influence of reduction of return temperature of municipal water
on the increase of utilization of geothermal energy. For the same variants and
same return temperature of municipal water the system II is more advantageous
than the system I due to a favourable influence of reduced feeding temperature
of municipal water. Presented in the work graphs describing the characteristics
of extraction and utilization of geothermal energy are very useful in assessment
of the degree of utilization of geothermal energy.

Presented methodology enables to conduct a comparative analysis of network
designs with parallel connection of two different groups of heat receivers indepen-
dently of applied systems of geothermal energy extraction.
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It can also be the basis for conducting economical analysis of comparable variants
in both cases.
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