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WLADYSLAW NOWAKI, ALEKSANDER A. STACHEL1

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

In the work presented have been selected problems concerned wit}r modelling of thermal-lrydraulic
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 temperatule of municipa} water,
irrdependently from the system of geothermal energy extraction, there are tv/o kinds of installation
solutiotls in the geothermal power station on the geothermal water side used, rramely heat exchangers
co-operating with peak-load boilers and heat exchangers with absorption heat pump and peak_load
boi]ers, The first solution is used for higher temperatures of geothermal waters and the second one is
used in the case of lower tempelatules 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, lvhere
qualitative regulation is used in a parallel combination of two groups of heat receivers and implernentation
of geothermal water heat exchangers lras been also described, Presented methodology enables to conduct
a comparative analysis of network designs with parallel connection of two different groups of lreat receivers
irrdependently of applied systems of geothermal energy extraction. It can also be tlre basis lbr corrducting
economical analysis of comparable variants in both cases.

Nomenclature

Tn

v
Lt

ss

p

mass flowrate, kg/s a
volumetric flowrate, m3/s T
heat flux, W T
share of radiator-type heating,

heat, J
temperature, "C
reduced heating time

regards municipal water,
regards feeding tempeIature
or external temperature,
regards the heat exchanger

Engineering, Department of Heat

* , l'o

Subscripts

regards radiator-type heating
or geothermal water,
regards floor-type heating
or return temperature, 1,D
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1. Introduction

Po]and beiongs to tlre countries, where lesources of geotlrernral springs with
tenperatures in the range from approx. - 30 oC to - 120'C are riclr. Particuiarly
good conditions for expioration of such waters exist in the Szczecin-Lódź region.

Geothermal waters can be utilized in district heating networks as a soie heat
solllce or in combination with otirer sources of elrergy. Tlre first soiution is justi-
fied in the case when a sufficient amount of geothermal water is availab]e witlr
temperature exceeding 100oC, In tlre case of using geothermal water witir iower
temperatures, the geothermal thermal powel station should usually be enhanced
by an additional heat source. In suc]r case t]rere can be used various combinations
of systenrs, where the choice is dependent on several factors [1, 4].

In extraction of geotherma} energy most often are used two basic systelns, na-
mely single and two-bore}role systems. With respect to temperature of extracted
geotlrermal 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 geotlrermal power station on the geothermal water
side used, namely

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

o lreat exchangers with absorption heat pump and peak-load boiiers.

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. Tlre ap-
plied solution depends also on the temperattrre of feeding and return rnunicipal
watet, which directly results from applied design of district heating iretwork, i.e.
kind and way of connection of lreat receivers |1,2, 41.

Thermal efficiency on the geotlrermal water side is inflrrenced both by a vo-
}urnetric efficiency of geothermal water as well as its temperature at extraction
and feeding. Temperature of extracted water, in the case of c]assical single and
tu,o-borehole systerns, can be determined based on simple relations, indepenclen-
tly from values of feeding water. In the case of single-h.ole extraction-feeding
systems the temperature of extracted geothermal water depends bot}r on tlre rate
of extracted geotherrnal water and its feeding temperature.

In the present r,vork presented has been tire method of assessment of t}re po-
ssibility of extraction and utilization of geotherma} energy irr selected district
lreating networks, wlrere qualitative regulation is used in a parallel combinatiorr
of two gloups of heat receivers and implementation of geotherrnal water heat
exchangers,

2. Systems converting geothermal energy

It has been assumed that the geothermal power station supplies heat to re-
cipierrts equipped with two differentiated types of heating installations, namely
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radiator or floor-type ones. Required heat is prodtrced in a central lreat source.
Geothermal water with temperature Tn and, volumetric flowrate Ę is taken frorn
tlre extraction hole and pumped through a geotlrermal water heat exclranger,
where energy contained in geotlrermal water is transferred to mrinicipal water.
T]re heat produced in the heat source is distributed to recipierrts by rneans of
tlre water main encompassing a system of water circuit together with pipelirres of
feeding and returlr municipal water. Municipal water is directed to the recipients
of heat connected in a parallel way and analysed have been two different systems
of cornbination of geothernral power station with recipients. In both cases there
has been used a qtralitative regulation of a rate of supplied heat,

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

A clraracteristic feature of described system is that, witlr a preserved network,
tłre feeding ternperature of both groups of heat receivers is the same irr both cases
and corresponds to the temperature resulting from the regulation graph for the
radiator-type heating. On the other hand, the municipai water tenrperature at
tlre outlet from both gloups of receivers is differentiated and indeperrdent from
the external temperature, which occuls in both cases.

The second system of geothermai power station schernatic has been presen-
ted in Fig. 2. This kind of installation, realized in real conditions, can be forrnd
predominantly in newly designed and newly developed district heating systetns
with different, separated feeding of particular grollps of low and high-ternperature
heat receivers. Suc]r solution enables utilization of availab}e geotherrnal energy in
a Inole effective way than in the case of the first system. In the presented system,
murricipal water with differentiated temperatures is directed to both kinds of heat
recipients. Temperattrre of municipal water suppiied to the radiator-type heating
and floor-type heating resrrlts from regulation graphs corresponding to particular
kind of heating.

Return municipal water from the floor-type heating is directed to the lreat
exchanger if the flowrate ńr, exceeds the flowrate ńr, arrd then a part of mu-
nicipal water ńr, is directed through a bypass, whereas in tlre case wh.en the
flowrate ńr, is lower then the flowrate ńr, d missirrg amount of mtrnicipai water
is supplemented by the stream of municipal water from t]re conventionz1,l heating
rilrr. Remzrining flowrate of water from radiator heating ńrn, is directed back to
t}re pipeline feeding the radiator-type heat receivers.

In the case, when temperature of municipal water beyond the heat exchanger
is lower than required, wlrich restrlts from the regrrlation graph fbr a given lrind of
heating (i.e. radiator or floor-type one), then rrtilized is a peak-Ioad boiler, where
mrrnicipal water from the radiator-type heating oT even floor-type heating attains
the required temperature.
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Fig. 1. Schematic of geothermal power plant - system I

ńl.n * al*, ,'[ya

lił,a, "'1'l* ńlor, u'I-r* .&§tl.łalotą,ltt
.,|,,, :,'hł}hling,

ń1*,'|',,, i znr,r+ńir,,'|.,,

Fig, 2. Schematic of geothermal power plant - system II.



Modelling of thermal-hydraulic processes ...

3. Assessment of the possibility of extraction of geothermal energy

Assessment of the possibility of extraction of geothermal energy can be con-
drrcted on the basis of a c]raracteristics of the geothermal bed, wlriclr encompas-
ses amongst the others, a maximurn volumetric flowrate of geothermal water,
maximurn temperature, thickness and deptlr of location of geotlrerrnal bed, mi-
treralisation of geothermal water and the bed exploitation tinre. 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 voiumetric flowrate of geotherrnal water, its temperature and
feeding temperature, where the latter value is closely connected with a return
temperature of municipal water 12, 3]. In the opinion of present authors such
assessment of the possibiiity of geothermal energy acquisition for lreating pulpo-
ses, independently of the kind of trtilized systełn design, can be conducted more
pr"ecisely if apart fiom tlre geothermal bed characteristics considered wi]l also be
a characteristics of the district lreating network encompassing also a regtrlation
graph and district heating operation time.

For assumed operation time of thermal insta}]ation (rff) with a qualitative re-
gtrlation of network if the mass flowrate of municipal water (ń") is constant and
flows in its entire volume tlrrouglr tlre geothermal water lreat excharrger (ń-),
then the amorrnt of available geothermal enelgy can be determined from the re-
iation

Qg: ń3crr[(Tr, - T"p) _ ń.crrf,KTn - 2) - T"o], (1)

Mass flowrate of mtrnicipal 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 exch,angers and
assuming equal rates of t}rermal capacities of both liquids

49
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Frorn above relation and (1) results that the amount of available for extraction
geothermal energy is a function of several variables

Qg: f (Vs,Tg,T""p,rÓ). (3)

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

4. Therrnal-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 pulposes, which has been prepared in the centra] heat sotrrce,

(2)
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is distributed using a district heating network, where two groups of recipients
connected in a parallel rvay have been inc]uded, presented in Figs. 1 and 2. Pre-
paration of utility hot water takes piace individually in dwellings, whete gas or
eiectric water heaters are insta]led, such solution enab]es utilization of lower tem-
peratures of feeding municipal water, particuiarly in the case presented irr 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 rrsecl a
quaiitative regulation, i,e. the amount of transferred in receivers lreat is corrtrol-
led by the feeding temperature of municipal water T", in functiorl, of extertlal
temperature T", according to relation

T"r:albTr. (4)

On tlre other hand return water temperatrrre Ęo and tlre flowrate of nrunicipal
watel are constant quantities.

Demand for the thernral pojĄIel can be determirred based on a maximun lreat
flul for heatirrg plllposes) wlrich can be obtairred from the relatiolr

Q"o:
, 20-T,
'" co lnax 

20 - T" -1,
: Q"o^u*

20-Tz
(5)

36

if minimum external temperattrreisT" mźn: - 160C, and temperature in dwellirrgs
is Ę : 20"C, or based on pararneters of nrunicipal water from the relation

Q.o: ńrcr(T"" - ]'rp), (6)

Substituting (6) into (5) the followirrg relations describing coeffi,cient a and ó of
the straight line (4) have been determined

),oo-Tsp+5;(ąr-." -T"p),

16: -*(Trr-u*-T"r).

(7)

(B)

Iinou,ing the coefficients a and b in the equation of a straight line we can de-
terrtrine tlre change of feeding temperattrre of municipal water T* in fllnctiotr
of external temperature Ę. Re-arranging expression (6) for a rnaximrrm feecling
ternperature of municipal water we can obtain a re]ation describirrg the rrrass
flon,rate of municipal water

ms: Q"o^u^ : idenr. (9)
Cp3(I,". rną* - T"r)

Presented above considerations pertain both to radiator and floor-type lieatirrg.
In tlre case of simultaneous impiementation of radiator and floor-type lreating we
rreed to determine a Ineall temperature of return water. If a slrare of radiator_type
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łreating is derroted by (ę), and the share offoor-type heating is denoted by (1-p),
rlren rnass flowrates of municipa] water feeding ihe radiaTor and flooi heatffi
ą,stems can be determined frorn (9), respectiveŃ

msg: 9Q.o^n (l - ę)Q"o^u*
Cp,(Tgzma, - Tno)' C,p"(Tp"^u* - Trr)'

Qil=ń"c,ri(T!"-T,p).

ms.p: (10)

(1 1)

(13)

(14)

(15)

During caiculations of the demarrcl for heat for heating purposes Q.: Q.o there
iras been utilized a rrniversal reduced external te^peraluie graph, constrtńed by
Raiss [5] and approximated in function of a reducld time 7':-7* f rfr in t}re ńm

T]ren the total heat demand in the heating season can be deternrined from the
expression

Q"o: ńrc"r§ -T")dr. (12)

ro:I

I ,,,"
0

-Ąssuming, that the ]owest reference temperature for external conditions for theconsidered climatic zone is Tzmźn: - 16ÓC and, that tlre lowest external tempe_
rature when the heating starts is Trn : 72"C, then after determination of externaltemperature from re-arranged relation (11), considering (4), (12), and i"t"g;;;i;;
and simple Te-alrangements we can arrive at

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 municipalt,ater, which flows through the heat exchanger in the amount o| ń-, and itstenperature,changes from the return temperaiure Ę, to the temperatui,e beyondtlre heat,exchanger (i,e, T!" = Ts - 2 K) and can bódetermined fronr presentecl
below relation, where un asr,r-piion ń" : ń,, lrolds

Q"o : Q" : ń,c"r{(o * *' - r*).

Tł":Tn-2:ała|_ ro +z1(,}l3 _,? +"i'r)]

The time. 'i = 'ÓT, 
means that the period of full utilizatiorr of geothermal energydescribed by a relation describing i}re reduced time Ą : f (€:r) u""ońu-i;;

formula

The second part of acquired geothermal ener8y in the period from ą to 16, due;o the fact that the temperature of water beyónd tlre łreat e*.h*.,,.g"i i- T§, ;;d,
is higher than the required feeding temperaiure of municipat wańr T:, ": T"r,
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tlren it is equal to the amount of heat resulting from the regulation graph and is
determined from relation

Qsz: n"""r6"f 1r,, - T,o)d,r. (16)

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

t'}

lkw)

Tz (Tru*J ał, z

Fig. 3. Coverage of heat demand for heating purposes from geothermal resources Qgr and Qgz arrd a
peak-load boiler Qp,

lras been slrown, in the form of relevant fields, the amounts of acquired geot}rermal
heat Qr1 and Qn2 as weli as the amount of heat supplied by a peak-ioad boiler Q6.
In calculations of the total geothermal heat Q, : Qil * Qsz it is convenient to
rrtilize the total heat demand in the heating season Q" deternined from relation
(13), A simple relation can be written, that

Q": Qł * Qd ł Qg2: Qd * Qg2. (17)

The amount of heat for heating pulposes QcL ln the period of time from r* : 0
to r* : rf can be determined from a simple relation

T7

Qct: ń"crrfi [ Qr. - T,e)d.r :
,]
0

: ń"c"r[["* r(- 16ri +2lra/3 - frl +ar{l2) -T"rr1). (18)

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

Qg : Qil ł Qsz: Q" - Qd * Qń, (19)
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w}rere particular components Q",Q"t and Qgt can be determined from correspon-
ding relations (13), (18) and (1a).

Presented above relations enabled to conduct calculations, which are indispen-
sabie in constrtrction 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 arrrount of
Q"o^u*: 8000 kW has been assumed. Maximtrm feeding temperatrrre of mu-
nicipal water corresponding to a minimunr reference external temperature T" -
- 16'C, are respectively: for radiator-type lreating Trr^u*: Tgr^u*: 90oC, for
floor-type heating: Tr"^u* : Tpr^u*: 60'C. On the otlrer hand mean tenperatu-
res of return water are constant and in the case of various variants of calctrlatiorrs
these have been assumed as follows: for radiator-type lreating: Tsp : Tgp : 35,
40oC, for floor-type heatingl Trp: Tpp:20,25,35, 40oC. Assunred has also been
the length of the heating season, which is equal to 182 days (4368 1r). Temperattrre
of extracted geothermal water is constant and in the case of different variants it
has been assumed the following values Tn:45,55,65,75,or B5"C. Volumetric
rate of geothernral water can vary in the limits as follows: Vs:50+l5O [m3/n].

In order to assess the influence of the share of particular groups of lreat 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-tvpe heating, presented in Tab, 1.

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

Share of variant number

1 2 J
^

5

radiator ireating (lp) 1 0.75 0.5 o.25 0.0

floor heating (l - e) 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 ten-
perature of municipal water, presented beiow will only be selected graphs, whiclr
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
sotlrce. It restrlts from Fig. 4 that the amount of acquired geotherrrrai energy
increases linearly with the increase of temperature of geothermal water or with

53
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Fig. 4. Potential possibilities of acquisition of geothermai energy in geothermal power plant in function
of temperatures: extracted geothermal water (Ę) and return municipal water (7"p).

Fig. 5. Potential possibilities of acquisition of geothermal energy in geothermal power plant in furrctiorr
of geothermal water temperature (Ę) and a volumetric flowrate of geothermal water (Ę).

Fig. 6. Amount of geothermal energy possible for utilization in a geothermal power plant, (system I -
variant 1 and 5; system II - variant 1) in function of extracted geothermal ,water temperature (Ę) and
retuln rnunicipal water temperature (Tsp).
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decrease of return rnunicipal water. Somewhat different trends can be observed in
Figs. 6 and7, r,vhere the possibility of utilization of geothermal enelgy is presented,
as that depends also on the characteristics of heat ieceiłers in tlre district heatine,
network. For that reason the amount of uti]ized geotłrermal energy i""r;il; ;]]f;
the increase of geotlrermal water temperature, uf th" first stage ńearly, and then
beYond some limiting value of temperature the increases are colresporldirrgly lo-
wer. With an increase of temperature of geothermal water gradually obse.rród i, a
reduction of the influence of decrease of return water tempĆrature on t}re arnount
of utilized geothermal enelgy. A value of the iimiting teniperature of geothermai
water is determined by the characteristics of geothermui .orrr"e and receivers.
as well as district heating network. From the graphs it results tlrat the incre-
ase of utilized geoth_ermal enelgy obtained by róduction of the murricipal water
temPerature is justified only up to some values of geothermal water temperature
|Tn _a- 65"C), In the case of system I, due to assumptiorr that the tempeiature of
feeding nuniciPal water is deterrnined from the regulation graph of rałiator-type
lreating, the Fig. 6 pertains to variant 1 (only radńtor-type hóating) urr.i ,ra.iur.t
5 (onlY floor-tYPe heating). Therefore, the amount of utilized geotńrmal 

"r.".gy,for a given temPerature of geothermal water, in the case of variarrts z+ł depeJÓs
only on the temperature of return municipal water.

In the case of tlre system II, on tlre ot]rer hand, for variant 1 t]rere 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-iype heating), It results f1.om
t]re fact that temperatures of feeding murricipal watói are difieient in the case of
radjator and floor-type heating. Due to that iact, the amount of trtilized geothep
tłral energY in the case of variants 2+4, for a given temperature of geoilrermal
watcl') dePends on the temperature of f'eeding a"nd return^mtrnicipai łvater, Fronr
the comparison of graphs presented in Figs. 6 and 7 there results a very be-
rreficial influence of redtrction of the tempeiature of f'eeding municipal waier in
tlre case of the floor-type heating on the anotrnt of uti]izeJ geotheimal enelgy.
For examPle, for both systems at selected temperature of geóthermal water,'in
Figs. B and 9 Presented has been the influence oł implementition of variants Ź:4
and temPerature of return mrtnicipal water on the amount of utilized geotlrerma}
enelgY, Qtrite clear is the inflrrence of increase of the share of floor-ty"pe heating
as well as the influence of reduction of return temperature of rnunicipal watei
orr the increase of utilization of geothermal energy, For the same variarrts and
Same return temPerature of municipal water the system II is more advantageous
than the sYstem I due to a favourable influence oi reduced feedirrg tempeńttrre
of rnuniciPal. water. Presented in the work grap}rs describing the iharacteristics
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 gro.,p. of lreat ,""Ói,r"., indepen-
dently of applied systems of geothermal energy extraction.
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Modelling of thermal-hydraulic processes ...

It can also be the basis for conducting economical analysis of comparab]e variants
in both cases.
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