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Souhrn 

Z perspekti ího hlediska předsta uje geoter ál í e ergie ejšetr ější a 

ejefekti ěji yužitel ý o o itel ý zdroj energie. Nárůst yuží á í tepel ý h 

čerpadel spoje é s čerpá í  podze í h od a s udo á í  podze í h 

geoter ál í h ý ě íků šak ůže ovlivnit hydrogeologi ké pod í ky a to z láště 

reži  proudě í podze í ody a šíře í tepla. I te zita o li ě í je přito  dá a 

geologi ký i a hydrogeologi ký i po ěry a e ploato a ý h lokalitá h. Proto á 

zásad í ěde ký a prakti ký ýz a  prosaze í se  praxi prog óz í h ýpočto ý h 

metod s yužití  ate ati ký h odelů. Předlože á prá e je za ěře a a 

zhod o e í yužitel osti dostup ý h u eri ký h odelů při hod o e í li ů a 

efektivity aplika e tepel ý h čerpadel.  

Cíle  prá e je po o í y ra ý h u eri ký h odelů, zhod otit ož ost 

yuží á í geoter ál í e ergie z doposud opo íje ý h zdrojů e ergie: a  ze 

zatope ý h a opuště ý h dolů, b) z v o lasti ýskytu ter ál í h vod, c) z termicky 

akti í h uhel ý h od alů.  

V pr í  příkladu zatope ý h uhel ý h dolů a házejí í h se v již í části plzeňské 

pá e v o lasti Nýřa y je zhod o e a ož ost yužití důl í h od, přito  je 

zhod o e  ož ý vliv jí á í důl í h od a regio ál í hydrogeologi ké a teplot í 

po ěry v a alyzo a é o lasti. )áro eň je zhod o e a ož ost u ístě í tepel ý h 

ý ě íků pří o do zatope ý h dolů. 

Ve druhé  příkladu z o lasti e ešo sko-úste kého z od ě ého systé u 

a házejí í se ezi Děčí e  Lito ěři e i a Úštěke , kdy jsou ode írá y podze í 

vody ze složitého hydrogeologi kého systé u, je numeri ké odelo á í proudě í 

podze í ody a pře os tepla yužito pro stanovení limitů čerpa ého ožst í 

poze í ody. Sou ěž ě je hodnocen vliv proudě í podze í ody a z ýše ý h 

od ěrů podze í ody a ý oj teplot ter ál í h od. 

Ve třetí  příkladu z oblasti uhel ého od alu Eliška  se er í h Če há h 

v katastrál í  úze í Ža léř u ěsta Trutnov je po o í u eri kého odelu 

zhod o e  pote iál yužití tepla z uhel ého od alu pro e ergeti ké účely. 

Protože  součas é pra i prog óz í h ýpočtů šíře í tepla  geologi ký h 

strukturá h ejsou k dispozi i le é a dostup é u eri ké progra y, je pro 

simulaci šíře í tepla v pr ý h d ou příklade h z oblasti již í části plzeňské pá e a z 



e ešo sko-úste kého z od ě ého systé u rozpra o á a a o ěřo á a 

použitel ost metody analogie publikované Thornem (2006a a 2006b). Cíle  ylo 

posoudit použitel ost ol ě dostup ého progra u MT DS pro simulaci šíře í tepla. 

Progra  yl pů od ě rozpra o á  pro simulaci tra sportu rozpuště ý h látek  

podze í odě.  

Klíčová slova 

Tepelný tok, proudě í podze í ody, u eri ké odelo á í, zatope é doly, 

geoter ál í energie, HUF MODFLOW, uhel é od aly 

 

Summary 

Geothermal energy is one of the most environment-friendly and economical heat 

sour e. The i rease of the heat pu ps e ha ger’s appli atio s i to ro k 

environment or the pumping of ground water for heat pumps exchangers (which 

are placed on the surface) may in certain places significantly influence the ground 

water and heat flow patterns. The intensity of influence is given by geological and 

hydrogeological conditions in exploited areas. Therefore, it has fundamental 

scientific and practical importance to promote the practice of prognostic 

computational method using mathematical models. 

This thesis is focused on evaluating the usability of available numeric models for 

assessment of impacts and effectiveness of heat pump applications. 

This thesis aims to assess the possibility of using geothermal energy in areas of 

flooded mines and of hydrogeological structures containing thermal waters. By 

application of the numeric model, it explores the use of coal heaps as heat sources.  

On the example of flooded mines, in southern part of the Plzeň Basin, this thesis 

will evaluate the possible uses of groundwater abstractions for heat pumps. It 

describes the impact of groundwater abstractions on the regional hydrogeological 

conditions and the temperature changes, caused by groundwater abstractions and 

estimates the possibility of placing heat exchangers directly into the flooded mines. 

In the case of complicated hydrogeological system (Be ešo -Ústí a uifer syste  

this thesis describes an application of numeric model of groundwater flow, heat 

flow and limits of use of the groundwater are given. This thesis valorises the 



influence of increased groundwater abstraction on development of thermal water 

temperature.  

I  the ase of oal aste heap ELIŠKA located in northern Bohemia, the potential 

heat utilization for energy purposes is evaluated. 

To simulate the heat flow in the southern part of the Plzeň Basi  a d i  the 

Be ešo -Ústí a uifer syste  the ethod pu lished y Thor e (2006) is used and 

validated. For simulation of the heat flow, the program MT3DMS, which is originally 

used to simulate solute transport in water, is applied. 

Key words 

Heat flow, groundwater flow, numerical modelling, flooded mines, geothermal 

energy, HUF MODFLOW, coal heap
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1. Úvod 

Mezi ýz a é o o itel é zdroje e ergie patří e ergie geoter ál í. Podle 

ázoru řady od or íků, apř. Myslil (2007), Renz (2009) jde o zdroj energie patří í 

mezi jednu z ejekologičtější h, a e hod ý h pod í ká h i ekonomicky 

ej á rat ějších te h ologií získá á í e ergie. Na rozdíl od alter ati í h způso ů 

získá á í apř. ětr é, od í či solár í energie, á i stala e tepel ý h čerpadel 

i i ál í li  a kraji ý ráz úze í a je tudíž použitel á  hrá ě ý h o laste h či 

v íste h, kde je yužití ostat í h alter ati í h způso ů ýro y e ergie z 

legislati í h a ekologi ký h dů odů zpra idla e ož é.  

Vli e  uko če í rozsáhlé těže í či osti po ro e   České repu li e, kdy 

došlo k zatápě í důl í h děl, je jednou z perspekti í h ož ostí, získá á í e ergie z  

důl í h od zatope ý h důl í h děl. Jde o ýz a ý zdroj ízkopote iál í e ergie 

pro tepel á čerpadla v regio e h Plzeňska, Ostra ska, Klade ska, a případ ě i ze 

zatope ý h rud ý h dolů. Další ož ostí sou isejí í s důl í či ostí je yužití e ergie 

z  uhel ý h od alů hald  z iklý h při dlouhodo é těž ě uhlí.  

Další  perspekti í  zdroje  geoter ál í e ergie  České repu li e jsou 

podze í vody z hydrogeologi ký h struktur, kde teplota ody dosahuje teplot až 

°C a patří tudíž do skupi y tere . Jed í  z ej ětší h hydrogeologi ký h systé u 

s ýskyte  ter ál í ody je be ešo sko-úste ký z od ě ý systé  (BUZS) na 

se ero ý hodě české křído é pá e. 

Při i te zifika i yuží á í zdrojů geoter ál í energie, kdy jsou čerpá a z ač á 

ožst í podze í ody, šak ůže dojít k zásad í u ežádou í u o li ě í reži u 

proudě í podze í ody a rozlože í teplot hydrogeologi ký h systé ů  íste h 

ýsta y geoter ál ího systé u a udo á í geoter ál í elektrár y. Tyto z ě y jsou 

ýraz é z láště  případě, kdy jsou tepelné ý ě íky u ístě y v hor i o ého 

prostředí.  

O e ě í z ě , ke který  do hází či ůže dojít při pro ozu geoter ál í h 

elektráre  á tak zásad í ěde ký a prakti ký ýz a , to i proto, že doposud ejsou 

ěž ě k dispozici relati ě le é a i for ati í prog óz í postupy. Efekti í  

ástroje  a posouze í li ů od ěru tepla z hor i o ý h systé ů a reži  proudě í 
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podze í ody a na o li ě í tepel ého pole v regio ál í  i lokál í  ěřítku je 

yužití etod u eri kého odelo á í s rozpra o á í  hod ý h postupů. Tyto 

etody se dají yužít i při hod o e í eko o i ké efektivity pro ozu geoter ál í 

elektrár y a při říze í jejího provozu.  

2.  Cíle prá e  

Cíle  prá e je a alýza použitel osti a aplika e u eri ký h odelů yužitel ý h 

pro prog óz í o eňo á í proudě í podze í ody a šíře í tepla, dále pro posouze í 

ož osti efekti ího yuží á í geoter ál í h zdrojů k e ergeti ký  účelů  a k 

posouze í li ů projekto a ý h geoter ál í h systé ů a reži  proudě í 

podze í h od a rozlože í tepel ého pole  lokál í  i regio ál í  ěřítku.  

Na základě a alýzy stup í h dat, testo á í ate ati ký h odelů a jeji h 

aplika e je zpra o á a disertač í prá e for ou ko e to a ý h ěde ký h pra í 

autora s té aty: 

 ož ost yužití u eri kého odelo á í proudě í podze í ody a tepla 

 hydrogeologi ký h strukturá h se zatope ý i doly, 

 odelo á í proudě í podze í ody a tepla e složitý h 

hydrogeologi ký h strukturá h, 

 ýpočtu e ergeti kého pote iálu ter i ky akti í h uhel ý h od alů. 

V rá i řeše í disertač í prá e jsou zhod o e y dostup é progra y a u eri ké 

kódy, u ožňují í si ula i proudě í podze í ody a tepla a ej hod ější z i h jsou 

pak apliko á y při hod o e í reži u proudě í podze í ody a tepla  ko krét í h 

lokalitá h  České repu li e. 

Po o í u eri kého odelo á í jsou ásled ě zhod o e y ož osti yuží á í 

geoter ál í e ergie ze: 

 zatope ý h dolů  o lasti již í části plzeňské pá e a o lasti rud ého re íru 

Pří ra ska, 

 ter i ky akti í haldy Eliška  katastru o e Ža léř a 

 ter ál í h od e ešo sko-úste kého z od ě ého systé u. 

Výsledky prá e jsou prů ěž ě pu liko á y tak, a y odpo ídaly z ole ý  ílů , a 

jeji h logi ká pro áza ost oko e to á a  sou oru pra í. 
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3. Metodika 

Pro spl ě í zfor ulo a ý h ílů disertač í prá e, yly ejpr e y rá y pote iál ě 

perspekti í lokality a házejí í se a úze í České repu liky. S yužití  dostup ý h 

i for a í z ar hi í h ěře í a průzku ý h pra í yly a základě detail í rešerše 

y rá y hod é u eri ké progra y, které pak yly testo á y při hod o e í 

ož osti yužití da ý h lokalit jako zdroje geoter ál í e ergie. Pro testo á í 

progra ů a prog óz í ýpočty yly y rá y lokality, a i hž e yl doposud 

hod o e  jeji h e ergeti ký pote iál s yužití  etod ate ati kého odelo á í.   

Pro i for ač í za ezpeče í odelu jsou shro áždě y a yhod o e y ar hi í 

geologi ké, geo orfologi ké, hydrogeologi ké, hydrologi ké a teplot í 

harakteristiky y ra ý h úze í. To u ož ilo sesta it ko eptuál í odel da ého 

geoter ál ího systé u hod ého pro e trak i tepla z hor i o ého prostředí 

Prů ěž ě yla s yužití  dostup ý h i for a í o da é lokalitě zhod o e a 

použitel ost y ra ý h progra ů yužitel ý h pro odelo á í proudě í podze í 

ody a šíře í tepla  hor i o é  prostředí. Na základě ýsledku jeji h testo á í jsou 

y rá y ej hod ější, které jsou použity k popisu proudě í podze í ody a šíře í 

tepla a jed otli ý h lokalitá h. 

Násled ě je pak po o í y ra ý h u eri ký h odelů e aluo á  e ergeti ký 

pote iál jed otli ý h lokalit a popsá y ejistoty u eri ký h odelů. 

Výsledky jsou pu liko á y  od or ý h periodiká h.  

3.1 Metodika stanovení vlivu poten ionální h od ěrů podze ní vody a 

tepla po o í nu eri ký h odelů 

Po a alýze dostup ý h geologi ký h a hydrogeologi ký h i for a í a sestroje í 

základ ího ko eptuál ího odelu, je yt oře  geo etri ký odel záj o ého 

úze í, který yl pře ede  a odel u eri ký. Geo etri ký odel se skládá z 

digitalizovaný h ází a stropů jed otli ý h odelo ý h rste , které ětši ou 

předsta ují i áze a stropy jed otli ý h geologi ký h resp. hydrogeologi ký h 

jed otek. Tyto údaje yly uď pře zaty z pu liko a é i epu liko a é literatury, 

anebo sestrojeny s yužití  ar hi í odo ý h údajů z hod ý h geologi ký h profilů 

rtů. 
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Kali ra e u eri ký h odelů je realizo á a při yužití hladi o ého  případě 

si ula e tepla „teplot ího“  a ila č ího kritéria. Jako kali rač í aria ta je y rá  

sta , pro který ylo shro áždě o ej í e ěře ý h údajů. 

Vli  pote io ál í h od ěrů podze í ody pro e ergeti ké účely je hod o e  

podle rozdílu součas ý h eo li ě ý h hydrauli ký h pote iálů proudě í podze í 

ody s prediko a ý i pote iály, ke který  y podle ýsledků si ula í došlo 

pro oze  geoter ál ího systé u tj. při od ěre h podze í ody e o při e trak i 

tepla hor i o ého prostředí. Součas é piezo etri ké a teplot í po ěry a po ěry 

o li ě é pro oze  geoter ál ího systé u jsou sta o e y pro růz é pro oz í h 

s é áře odelo é aria ty , si ulo a é z ě ou okrajo ý h pod í ek. Modelo é 

aria ty se pro jed otli é o lasti lišší též podle účelu a ílů yužití u eri ký h 

odelů. 

3.2 Aplikované nu eri ké odely 

Po a alýze stup í h dat a yt oře í ko epč í h odelů je pro lokality plzeňské 

pá e a BU)S apliko á  u eri ký odel MODFLOW Harbaugh, 2000  s yužití  

programu MT3DMS (Zheng, 1999) na simulaci šíře í tepla. )půso  yužití progra u 

MT3DMS pro simulaci šíře í tepla e z od ě é  hor i o é  prostředí pu liko al 

Thonre et al. a; . Využití etody o ěřo al a si ula i la orator í h 

pokusů.  V dizertač í prá i je proto zhod o e  zej é a te to způso  odelo á í 

proudě í podze í ody a šíře í tepla v regio ál í  ěřítku a popsá y jeho li ity. 

Pro si ulo á í proudě í podze í ody  o lasti Pří ra ska je apliko á  progra  

FEFLOW (Diersh, 2005  a pro si ula i proudě í tepla  o lasti haldy ELIŠKA progra  

SHEMAT (Clauser, 2003). 
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4. Úvod do pro le atiky 

S růste  požada ků a zajiště í o o itel ý h e ergeti ký h zdrojů yužití 

geoter ál í e ergie pro e ergeti ké účely elos ěto ě roste Lund, 2010 . Dopl ě í a 

poro á í yuží a ý h geoter ál í zdrojů s roke   pro ede ý  Lundem et al. 

(2005) a Bertanim (2005  u ádí Lund (2010 . Přehled yuží a ý h geoter ál í h 

zdrojů  České repu li e publikoval Myslil et al. (2002). V ČR á ej ětší pote iál 

yužití geoter ál í e ergie z ízkopote iál í zdrojů, z láště pak e ergie 

hydroter ál ích systé ů.  

Hydroter ál í systé y jsou áza é a geologi ké či hydrogeologi ké struktury, 

kde jsou yt oře y z od ě uza ře é e o ote ře é s doplňo á í  z od ě í  s 

teplou odou. Podle teploty se tyto systé y dělí a systé y o ysoké teplotě ad 

 °C , o střed í teplotě od  °C do  °C  a ízkoteplot í systé y do °C) 

(Myslil et al., 2007).  

Hydroter ál í systé  je t oře  tře i hla í i pr ky:  

 Zdroj tepla – zdroj tepla ůžou ýt ag ati ké i truze dosahují í 

teplot až  °C, které dosahují relati ě ělký h hlou ek -10 km), 

e o z radioakti ího rozpadu látek. 

 Rezer oáry – jsou systé  propust ý h hor i , ze který h proudí í 

kapali a ode írá tepel ou e ergii. Ty jsou e ětši ě případů překryty 

relati ě epropust ý i rst a i a jsou spoje y s eteori ký i zdroji 

srážko á i filtra e , které doplňují záso y podze í ody přiroze ě 

dré o a é do po r ho ý h toků e o odčerpá á y z hydrogeologi ký h 

rtů. 

 Geoter ál í kapali y – jsou e ětši ě případů eteori kého pů odu 

srážko á i filtra e   kapal é e o ply é fázi zá isejí e a tlaku a 

teplotě (Dikson, 2004). 

Transport tepla v hor i o é  prostředí je realizo á  po o í kondukce, konvekce a 

radia e. Nej ětší podíl a šíře í geoter ál í e ergie á ko duk e, s ýji kou: 

 hydroter ál í h systé ů s ysokou per ea ilitou, kde do i uje pře os 

po o í ko ek e, 
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 v případě árůstu teploty ad  °C, kdy do hází k pře aze radia e. 

Para etry určují í ry hlost proudě í a elikost aku ula e tepla  prostředí jsou 

tepel á odi ost a tepel á kapa ita. Tyto para etry zej é a tepel á odi ost  jsou 

o li ě y oha faktory. Mezi ejzáklad ější patří teplota prostředí, póro itost, íra 

satura e a a izotropie hor i o ého prostředí Clauser a Huenges, 1995; Čer ák 

1067). 

Tepel ou odi ost pro růz é geologi ké jed otky a úze í ČR sta o ili Marušiak et 

al.(Tab. 4.1). 

Tabulka 4.1: Prů ěr á tepel á vodivost hor i  ěkterý h geol. jed otek Marušiak et. al. in 

Ibrmajer a Suk, 1989) 

Geologi ká jednotka počet ěření tepelná vodivost

Český asiv (W.m
-1.°C-1

)

eta orfo a é hor i y 146 2,67

granitoidy 83 2,72

tepli ký porfyr 22 2,5

í o e ký gra it, gresei 32 2,7

Jese íky 74 2,82

sedi e ty české křídy 136 1,85

sedimenty permokarbonu 162 2,35

sedi e ty uhel ých pá ví
klade sko - rako i ká 110 2,28

ostra sko - kar i ská 328 2,78

ža léřsko - s atoňo i ká 39 2,64

karpatská předhlu eň 236 2,86

ídeňská pá e 36 1,53  

Typi ké hod oty tepel é kapa ity y ra ý h látek a hornin jsou uvedeny v tabulce 

4.2. 

Ta ulka . :  Spe ifi ká tepel á kapa ita v ra ý h látek a hor i  
(www.engineeringtoolbox.com) 

Hornina/látka jíl sádrove dolomit granit vápene kře en e pískove  slída voda vzduchSpe ifi ká 
tepelná kapa ita 
(J

-1
.kg

-1.°C-1
) 920 900 920 790 840 800 920 500 4286 1005  

I když yužití geoter ál í e ergie je z hlediska li ů a ži ot í prostřed í jed í  z 

ejpříz i ější h zdrojů e ergie Renz, 2009 , ůže jeho li e  do házet k o li ě í 

hydroter ál í h pod í ek a lokalitě Andrews, 1978 . Nu eri ké odely proudě í 

podzem í ody a tepla ohou po o i k urče í li u a zej é a efekti ity 

geoter ál í h aplika í  ko krét í h lokalitá h Renz, 2009; Williams, 2009). 

http://www.engineeringtoolbox.com/
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 Data ázi apliko a ý h u eri ký h odelů hydroter ál í h systé ů sesta il 

O'Sullivan (2001). Aplika i u eri ký  odelů hydroter ál í h systé u  České 

repu li e ČR  eu ádí. Popise  aplika e u eri ký h odelů při yuží á í 

geoter ál í e ergie  ČR se  za ý al Lukeš . Modelo á í  dlouhodo ého 

li u rtu pro tepel é čerpadlo a hydroter ál í systé  se popisuje Uhlík . 

Vyčísle í  e ergeti kého pote iálu yužití geoter ál í e ergie  ČR se pre iz ě 

za ý al Myslil et al. . Te  dělí ož é yužití ízkopote iál í e ergie ze 

su hý h hor i  e o z podze í ody.  Využití ízkopote iál í energie z podze í 

vody (resp. z hydroter ál í h systé ů  je realizo á o zej é a při yužití tepel ý h 

čerpadel. Peters (2006) popisuje d a základ í e ha is y získá á í geoter ál í 

e ergie po o í tepel ý h čerpadel: 

 Vý ě íky tepel ého čerpadla jsou u ístě y pří o do hydroter ál í h 

systé ů. M ožst í ode íra é tepel é e ergie je li ito á o elikostí 

tepel ý h ý ě íků a tepel ě odi ý i last ost i použitý h ateriálů 

tepel ý h ý ě íků. 

 Podze í oda je z hydroter ál ího systé u čerpá a a po r h, kde je 

po o í ý ě íků tepel ého čerpadla ode írá a její tepel á e ergie. 

M ožst í ode íra é tepel é e ergie je li ito á o elikostí ož ého 

ode íra ého ožst í podze í ody.   

)ej é a yužití  druhého popiso a ého e ha iz u získá á í tepel é e ergie z 

hydroter ál í h systé ů ůže díky čerpá í podze í ody dojít ke z ě ě reži u 

proudě í a k egati í  o li ě í ila e podze í h od A dre s, . 

Výhodou yužití hydrogeologi ký h systé ů o sahují í ter ál í ody pro e ergeti ké 

účely ůže ýt, že  případě dostateč ě ysoké teploty ter ál í h od e í ut á 

aplika e teple ý h čerpadel a čerpa á oda lze yuží at pří o pro ytápě í Re z 

2009). V případě pří ého yužití ter ál í h od pro e ergeti ké účely je ut é 

za ezpečit od ěr dostateč ého ožst í ter ál í h od (Clauser, 2009).  

S yužití  geoter ál í e ergie pro ýro u elektri ké e ergie se začalo už a 

počátku . století  Lardarello,  Itálii. )de yla posta e a pr í geoter ál í 

elektrár a o ýko u  kW. Poté se další geoter ál í elektrár y začaly udo at a 

Isla du, No é  )éla du ,  Me iku  a  USA . V součas é do ě 

elektri kou e ergii yrá í z geoter ál í e ergie také Filipí y, kde elko ý podíl a 
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ýro ě elektri ké e ergie dosahuje  %, dále Keňa ,  %, Kostarika ,  % a 

Salvador 4,3 % (Dickson a Fanelli, 2004). 

4.1 Využití geoter ální energie ze zatopený h dolů  

Výz a é z ě y  důl í  prů yslu edly  ČR k uza írá í hlu i ý h dolů, které 

á ýraz ý li  a z ě u hydrody a i ký h po ěrů. Podle Adamse (2001) vlivem 

zestupu hladi y podze í ody  důsledku uko če í čerpá í důl í h od, ůže 

do házet k po r ho é dre áži a ýro u podze í h od a po r h. Důl í ody 

ohou ýt sil ě ko ta i o á y. Ke sta o e í rizik spjatý h s uza írá í  hlu i ý h 

dolů ohou sloužit u eri ké odely. 

Podle Bazarga  Sa eta  ají doly zatope é podze í odou ysoký 

e ergeti ký pote iál proto, že do hází e ytěže ý h důl í h prostorá h 

k postup é u ohře u i filtro a ý h srážko ý h od a teploty,  ěkterý h 

případe h pře yšují í h teplotu °C, e oť systé  ša het a hode  slouží nejen jako 

rezer oár podze í ody e yžadují í již oho te h i ký h úpra , ale i s ý  

způso e  i ý ě ík tepla, kdy do hází k ohře u důl í h od. 

Podze í oda ůže ýt ode írá a z rtů realizo a ý h do podze í h hode , 

nebo pří o z důl í h ša het. Může též ýt yuží á a oda ytékají í z od odňo a í h 

štol či hode . I když  ote ře ý h prostore h ša het a hode  ůže do házet 

k ol é u proudě í důl í h od, postup ě do hází teplot í ro o áze s teplotou 

okol ího horninového asivu. Nej ětší e ýhodou tohoto typu zdrojů e ergie je, že 

při čerpá í důl í h od ohou z ik out pro lé y s akládá í s nimi v případě, kdy 

ají e hod é he i ké slože í.  

 U ádí se (Wolkersdorfer, 2008), že jedno z pr í h yužití geoter ál í e ergie ze 

zatope ý h dolů ylo realizo á o  . lete h . století  No é  Skostku  Ka adě. 

V edá é do ě začalo yuží á í důl í h od pro e ergeti ké účely  Nizoze ské  

Heerle u Bazarga  Sa et, . Te  předpokládá,  případě od ěrů podze í ody 

o velikosti 40 l.s-1 a s íže í teploty důl í h od po o í čerpadel o  °C, produk i 

GWh za rok, ož předsta uje  % e ergie potře é pro e trál í ytápě í ěsta. 

Stre   a Wie er  zkou ali ož osti yužití zapla e ý h dolů  oblasti 

Rhé ského asi u  Německu. K opuště í a zapla e í dolů ta  došlo po ro e . 

Jako ej ětší ýhodu yužití zapla e ý h dolů pro čerpá í podze í ody yužitel é 
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pro e ergeti ké účely idí  ož osti získá á í ýraz ě ětšího ožst í podze í 

vody z geologi ký h struktur, ze který h y to ji ak e ylo díky jeji h epropust osti 

ož é. 

V ČR je  až  tisí  důl í h děl GEOFOND ČR . V opuště ý h a ásled ě 

zatope ý h důl í h díle h se podle odhadů a hází  až  ilio ů etrů 

kry hlo ý h důl í h od.  

V ro e  se začal zpra o á at ýzku ý úkol: "Výzku  využití energeti kého 

poten iálu důlní h vod v o laste h ývalé těže ní činnosti ČR". V rá i ýzku u 

yly shro áždě y ar hi í údaje o důl í h díle h, způso u jeji h zajiště í, 

te h i ký h para etre h děl, hydrogeologi ký h po ěre h a jeji h fyzikál ě 

he i ký h para etre h. Násled ě yly podle sta o e ý h kritérií y rá y 

ej hod ější důl í díla a pro ě zpra o á y podro ější studie ož osti yužití 

důl í h od pro e ergeti ké účely.  

Důležitou částí ýzku ého úkolu ylo zhod o e í ož osti ate ati kého 

odelo á í proudě í podze í ody a šíře í tepla  zatope ý h důl í h díle h a li  

od ěru důl í h od pro tepel á čerpadla a lokál í a regio ál í hydrogeologi ké a 

tepel é po ěry.  

Blíže se popise  odelo á í proudě í podze í ody  zapla e ý h důl í h 

díle h za ý ala Rapa to á , která yužila progra  MODFLOW 2000 (Harbaugh 

et al., 2000) na simulaci zapla e í hlu i ý h dolů  Kar i ské pá i a Se eročeské 

uhel é pá i. Dále popisuje yužití progra u FEFLOW Diersch, 2006) a příkladu 

si ula e zapla e ého ura o ého dolu Olší-Draho í . Podle Rapa to é  je pro 

si ula i o li ě í regio ál í h po ěrů proudě í podze í ody ýhod ější yužít 

MODFLOW . FEFLOW je ýhod ější při si ula i proudě í důl í h od přímo v 

zapla e ý h prostore h dolů. 

Si ula í proudě í podze í ody a tepla  zapla e ý h dole h se za ý al ro ěž 

Renz (2009).  S yužití  progra u FEFLOW sestrojil -D a 3-D odely opuště ého 

dolu a potaš hlorid drasel ý  Stassfurtu  Ně e ku. -D model yužil zej é a k 

testo á í li u odelo ý h para etrů a proudě í důl í h ody. -D odel k urče í 

ila e oda, teplo  opuště ého dolu. 

Si ula í proudě í podze í ody a tepla  opuště ý h dole h dále aplikovali 

Malolepsy (2002), Raymond et al. (2008), Adams (2001).  
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Proudě í podze í ody a tepla v o lasti zatope ý h dolů je si ulo á o   již í 

části plzeňské pá e O r. 4.1 . )áj o é úze í áleží do hydrogeologi kého rajó u 

5  Plzeňská pánev. ) k artér í h rajó ů je zde zastoupe  rajó   Kvartérní 

sedi enty Mže v Plzeňské kotlině (Olmer, 2005).   

 

O rázek 4. :  Lokaliza e již í části plzeňské pá ve 

Hydrogeologi ké last osti plzeňské pá e pu liko al Š o a , , nebo 

Pešek . Geologií se za ý ali apříklad Chlupáč et al. , Pešek (1996) a 

Ha le a . )hod o e í proudě í podze í ody po o í ate ati kého 

odelu pro edl Dyk et al. . Měře é teploty podze í ody zjiště é z literár í 

rešerše z í ě ý h autorů jsou u ede y  tabulce 4.3. 

Ta ulka . :  Měře é teplot  a v dat osti podze í vod  

teplota podze ní vody vydatnost hlou ka díla
lokalita typ díla °C (l.s

-1)
(m)

Blatnice já a Al ert 10,5 2,2 67

Heř a o a Huť já a Pa el 11 6 40

Nýřa y já a )iegler 12 - 93

Plzeň ýduš é úpad i e 13 - -  

4.2 Využití geoter ální energie a si ula e proudění tepla v uhelný h 

odvalech 

Na úze í České repu liky se yskyto aly z ač é záso y čer ého a h ědého uhlí, 

které yly těže y hla ě po ro e , kdy začí á str ý prů yslo ý roz oj. Do roku 

1  yla Česká repu lika so ěstač á. Uhlí se těžilo  rozsáhlý h re íre h a 
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Mostecku, Sokolovsku, Ostra sku, Ža léřsku, Nýřa sku, Klade sku a předpokládala se 

ote řít o é doly a Slá sku, Po hlo i ku, Mše sku atp.  

 Běhe  těž y uhlí se z láště  případě čer ouhel ý h ložisek, která se a hází 

v per okar o ský h sedi e te h, použí aly hlu i é etody těž y. Vytěže é uhlí 

ylo částeč ě e ha i ky ruč ě  třídě o pří o  íste h jeho ytěže í a část uhlí 

yla od áže a do úpra e . Rezidua uhlí přito  zůstá ala v hluši ě a yla y áže a a 

haldy (odvaly). Postup ě do házelo k jeji h sa o z í e í.  

O e ě jsou od aly í á y a i ale t ě, jed ak jako ýraz ý z ela typi ký 

kraji ý pr ek, jed ak jako fe o é  s egati í  e iro e tál í  i pakte  

Jelí ek, ). Výz a ý  egati í  důsledke  ter i ké akti ity uhel ý h od alů 

je ysoká teplota jeji h po r hu a z toho ztráta egetač ího krytu hald. Odvaly mohou 

ýt zdroje  poléta ého pra hu, který způso uje zdra ot í pro lé y S h arzero á, 

2010). Uhel é od aly haldy  jsou ýz a é zej é a z kraji ářského hlediska.  

V posled í h lete h ohou šak ýt zají a é ro ěž z  hlediska e ergeti kého, e oť 

o sahují z ač é pro e to z ytko ého uhlí (Hollesen et al., 2010). V České repu li e 

je pro le ati e zahoře í hald ě o á a pozor ost odhadem od 70. let i ulého 

století, kdy hoří í haldy a Poříča sku, Klade sku, Ostra sku halda E a  yly 

zdroje  ežádou í h e isí z ečišťují í o zduší.  

V ČR se a hází řada uhel ý h hald, které jsou stále ter i ky akti í, a které y 

mohly v budoucnu sloužit pro e ergeti ké yužití. Dispo ují o ro ský  pote iále  

ter ál í e ergie, kdy apř. při o sahu % uhel é su sta e od alu o o je u a  

ilio ů 3 zde postup ě prohoří á  ilio  3 uhlí. Tako é ožst í odpo ídá 

tříleté těž ě alého uhel ého dolu (unpublished data). 

Pro ede é ýzku y uhel ý h hald a úze í ČR Jelí ek,  yly za ěře é 

zej é a a eli i a i li ů uhel ý h od alů a ži ot í prostředí.  

O ida í a záje ý i i terak e i ezi uhlí  resp. z ytky uhlí  a at osféri ký  

kyslíke  do hází k sa o ol é u z í e í uhlí Wang et al., 2003). )a opti ál í h 

pod í ek dojde k podze í u e doge í u  a často i po r ho é u požáru (Zhang 

a Kuenzer, 2007). 

Podle Guatam a Surana (2001  je spo tá í sa o z í e í harakteristi ké pro 

še h y typy uhlí. Ni é ě se liší u růz ý h druhů uhlí  zá islosti a stup i zralosti 

uhlí, lhkosti, příto osti sulfidů, a okol í teplotě a pod í ká h částeč ého 
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z ětrá á í. Pro es sa o z í e í uhlí je dlouhodo ý a last í hoře í ůže tr at 

ěkolik desítek let. Např. podze í sa o z í e í  čí ské Liu Hua gou začalo 

při liž ě před  lety a ude tr at ještě  let Wingfield a Hayes, 2000). Pro sro á í 

halda Ema na Ostravsku v ČR yla založe a již před roke   a proje y ter i ké 

akti ity se sa o z í e í  jsou patr é dodnes.  

 Autoři Kürten et al. (2010) se za ý ali yužitel ostí geoter ál í e ergie důl í h 

skládek a sta o e í  te h i ký h a eko o i ký h pod í ek jeji h yužití. Výzku  

byl proveden v západ í části Porúří. Výsledky ěře í prokázaly ter i kou akti itu, 

kdy yly zjiště y teploty dosahují í až  °C.  

 

O rázek . :  Lokaliza e zkou a ý h uhel ý h odvalů Autor: Straková H.  

Výzku   podo ě ter i kého o itori gu yl realizo á  a  lokalitá h O r. .  – 

A k. ú. Ža léř – od al dolu Ja  Š er a , B k.ú. Ža léř – od al Eliška , C k.ú. 

Markoušo i e, od al dolu Ig á , D k.ú. Rad a i e  Če há h, od al dolu Kateři a . 

Na každé lokalitě se a házel uhel ý od al po těž ě čer ého uhlí.  Nej ětší teploty 

yly ěře y a od alu Eliška, který se a hází e ý hod í h Krko oší h, a  k  

se er ě od Trut o a. Od al Eliška á ý ěru ,  ha a rozkládá se a ploše  104 

m2, přiče ž ýška či í  . Na hází se  ad ořské ýš e  – 544 m n. m. 
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Modelo á í  pro esů u itř hald se za ý al Hollesen et al. (2010). Popisuje aplikaci 

u eri kého kódu CoupModel Jansson, 2004  a si ula i proudě í tepla uhel ou 

haldou a se eru Norska. V si ula í h po o í progra u CoupModel je ož é 

u ažo at s at osféri ký i, egetač í i, s ěho ý i a půd í i harakteristika i 

odelo é do é y. Po o í CoupModelu je ož é si ulo at také produk i tepla 

z he i ký h reak í.  

Dále se odelo á í  pro esů u itř hald se za ý ali Krajčo á et al. 004),  Zhang 

et Kuenzer (2007), Krishnaswamy et al. (1996), Evseev and Voroshilov (1986). Ti se 

simulovali zej é a po ěry edou í k zahoře í haldy, ož ůže ít egati í li  a 

okol í prostředí a ezpeč ost o y atel a záro eň i i alizuje ož ost dalšího 

yužití hald pro e ergeti ké účely.  

Vzhledem k ysoký  ěře ý  teplotá  a ee iste i saturo a ého prostředí 

elze a si ula i proudě í tepla yužít etodu pu liko a ou Thor e  . Pro 

si ula i proudě í tepla yl ýsled ě z ole  ate ati ký odel SHEMAT a pre a post 

procesor ProcessingSHEMAT (Clauser 2003). SHEMAT (Simulator for HEat and MAss 

Transport  je eustále y íje á a zdoko alo a á aplika e pro , -D sta io ár í a 

tra sie t í si ulo á í pro esů  geoter ál í h rezer oáre h a s ou ko ple ostí je 

hod ý zej é a k dlouhodo é predik i yuží á í tepel ého pote iálu. Progra  řeší 

transport tepla a rozpuště ý h látek čet ě he i ký h reak í  saturo a é  

poréz í  prostředí po o í etody ko eč ý h difere í FDM . U ažuje zá islost 

proudě í a iskozitě, která je fu k í teploty a ko e tra e proudí ího roztoku, při 

tepel é  tra sportu počítá s tepel ou odi ostí a ěr ou tepel ou kapa itou 

prostředí.   

4.3 Využití geoter ální energie a si ula e proudění podze ní vody a 

šíření tepla ve zvodněný h hydrogeologi ký h systé e h 

Proudě í podze í ody á ýz a ý li  a rozlože í teplot ího pole. 

V lokál í  ěřítku ůže proudě í podze í ody z ač ě o li it geoter ál í 

systé y Myslil, 2007).  Změny ovlivněné prouděním podzemní mohou zastírat 

lokál í li y, jako jsou fyzikální last osti hor i , radioakti ita, tepel á odi ost a 

kapacita. Mohou zastírat i globální vlivy, jakými jsou mocnost kůry, osy riftu nebo 

charakteru zemského pláště (Šafa da et al., ).   
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Pro úze í BU)S  (Obr. 4.3) se ýzku e  proudě í podze í ody a tepla líže 

za ý al ýzku ý úkol GA205/07/0691 - Geoter ální zdroje, jeji h li ity a trvale 

udržitelné využití: enešovsko-úste ký zvodněný systé  ( 7-2009, GA0/GA). 

Jiráko á et al.  yčíslila tepel ý tok  o lasti BU)S. Při yčísle í tepel ého toku 

z ěře ý h teplot e rte h rala  ú ahu li  proudě í podze í ody a li  teré u. 

Výsled ý tepel ý tok y hází růz ý pro jed otli é o lasti BU)S. Klesá  i filtrač í h 

oblastech a roste v dre áž í h o laste h. Proudě í podze í ody ýz a ě 

o li ňuje ýsled é rozlože í teplot  hydrogeologi ké  systé u BU)S.  

 

O rázek 4.3:  Lokalizace benešovsko-úste kého s sté u 

Využití  podze í h od k energeti ký  účelů a úze í BU)S se detail ě za ý al 

Datel (2005). Jí a á ter ál í oda z rtů HB , ULK  a ML  je yuží a á pro 

záso o á í ěstský h koupališť a láz í teplou odou. Ter ál í oda z vrtu UL-ZOO-1 

je napojena a systé  ytápě í o jektů zoologi ké zahrady. 

K yuží á í ter ál í h od  BU)S do hází relati ě krátkou do u. Datel (2005) 

klade otázku, jaký li  udou ít oděry ter ál í h od a tí  způso e é zry hle é 

proudě í podze í ody  a íru prohřátí ter ál í h od. Ke sta o e í li ů od ěrů 

ter ál í h od a rhuje sesta it přes ý ko eptuál í a u eri ký odel proudě í 

podze í ody a tepla.   
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Tabulka 4.3: Para etr  výz a ý h jí a ý h vrtů v BU)S, uprave o z Datel  

Brná Městské lázně ZOO Klíše
Jednotky  HB 2 ML 2 UL-ZOO-1 ULK 1

Rok ýsta y 2003 2002 2001 1998

Hloubka m 400 390 515 511

Teplota přítoku do rtu °C 33.65 32,4 34,8 36,5

Teplota a ústí do rtu °C 32 31,3 31,2 35

Vydatnost l.s
-1

11 7,2 12 9

S íže í od ustále é 
Piezo etri ké hladi y

m a , přeli a , přeli 35 45
 

Si ula í proudě í tepla  rozsáhlé  hydrogeologi ké  systé u se za ý al 

apříklad Vedo a .  Po o í u eri kého odelo á í zkou al podíl ko ek e 

a ko duk e, li  elikosti přiroze ého toku ze ě a li  permeability hor i o ého 

prostředí a šíře í tepla  hornino é  prostředí. K u eri ké u odelo á í yužil 

program SHEMAT 7.1 (Clauser, 2003). Progra  SHEMAT .  yl testo a ý i  rá i 

přípra ý h odelo ý h pra í. Jeho z ač ou ýhodou  poro á í s použití  

MT DMS a si ula i proudě í tepla je ož ost zahr out liv hustoty a teploty na 

proudě í podze í ody. Nu eri ký kód MODFLOW při použití Pre a Post 

Processoru Groundwater Vistas (Rumbaugh, 2005  se ale proje il jako ýraz ě lepší 

ástroj k simulaci proudě í podze í ody, které á  případě složitý h 

hydrogeologi ký h struktur, zej é a  křído ý h pá í h, ýz a ý li  a pře os 

tepla.  

Si ula í proudě í podze í ody  o lasti složitého hydrogeologi kého systé u 

harakterizo a ý  příto ostí z rás ě ý h geologi ký h jed otek o li ě ý h 

čet ý i zlo y se za ý al McKeown et al. (1999). Po o í u eri kého kódu OILGEN 

(Garven, 1989) sestrojil 2D- odel proudě í podze í ody  o lasti plá o a ého 

úložiště jader ého odpadu a se ero-západ A glie. Předkládá relati ě přek apují í 

zjiště í, že pote iál proudě í podze í ody je i  takto složité  systé u ýraz ě 

o li ě  propust ostí s r h í h geologi ký h rste .  

Nu eri ká si ula e proudě í podze í ody s yužití  u eri kého kódu 

MODFLOW je ož á s yužití  modulu BCF (Block-centered Flow, McDonald a 

Harbaugh, 1988), LPF (Layer Property Flow, Harbaugh, 2000) nebo HUF 

(Hydrogeologic-unit flow, Anderman a Hill, 2000). ) í ě é moduly ze zada ý h 
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odelo ý h para etrů sta o ují ko dukta e jed otli ý h odelo ý h u ěk e o 

rste  a ostat í h čle ů potře ý h pro řeše í ro i  proudě í podze í ody.   

)áklad í  rozdíle  ezi moduly BCF, LPF a HUF je, že modul HUF i ter ě 

přepočítá á a přiřazuje hydrauli ké harakteristiky do odelo é sítě a základě 

prů ěhu geologi ký h jed otek, které jsou geo etri ky odliš é od prů ěhu 

odelo ý h rste . Vertikál í odelo á diskretiza e je odliš á od geologi ké O r. 

4.4).  

 

O rázek . :  S he ati ké zo raze í odelová diskretiza e čer é li ie  odliš é od geologi ké 
odrá, zele á a červe á výplň , zdroj: Coastal h drauli  la oratory) 

Modul HUF použil apříklad Jo es et al. , který zkou al jeho yužití 

v kombinaci s aplika í geostati ký h etod a defi o á í odelo ý h para etrů. 

Modul HUF je podle Jo ese et al.  užiteč ý ástroj zej é a při simulaci 

proudě í podze í ody v oblastech s ysokou aria ilitou stup í h para etrů a 

složitý h heteroge í h hydrogeologi ký h systé ů, kdy y při použití tradič í h 

odulů BCF a LPF ylo ut é odelo é úze í ertikál ě diskretizo at oha 

odelo ý i rst a i. 

V prů ěhu zpra o á í předlože é disertač í prá e pu liko al Mé dez et al. (2010) 

člá ek za ý ají í se ož ostí aplikace programu MT3DMS při si ula i proudě í 

tepla. Autor v člá ku poro á á ýsledky u eri ký h odelů s a alyti ký i ýpočty 

a s ýsledky progra ů SEAWAT La ge in et al., 2007) a FEFLOW (Diersh, 2005). 

Do hází k zá ěru, že progra  MT DMS je pl ě ko pati il í a lze jej při u eri ké  

odelo á í šíře í tepla yužít.  

Úze í BU)S patří k jed ě  z ej í e prozkou a ý h hydrogeologi ký  regio ů  

v ČR.  )áj o é úze í zahr uje hydrogeologi ké rajó y zo raze é  tabulce 4.4. 

  

 



 

24 

 

Tabulka 4.4: Seznam h drogeologi ký h rajó ů v o lasti BU)S 

HGR ID Název hydrogeologi kého rajónu
4620 Křída Dol ího La e po Děčí  - pra ý řeh
4612 Křída Dol ího La e po Děčí  - le ý řeh se er í část
4640 Křída Hor í Plouč i e
4650 Křída Dol í Plouč i e a Hor í Ka e i e
4660 Křída Dol í Ka e i e a Kři i e
4730 Bazál í křído ý kolektor  e ešo ské sy kli ále  

V 80. letech i ulého století ylo pro ede o rozsáhlé hydrologi ké a 

hydrogeologi ké ila č í hod o e í české křído é pá e. Souhr ou i formaci 

ke še  zkou a ý  úze í  pu liko al Herčík et al. . Modelo é úze í 

e ešo sko-úste kého z od ě ého systé u áleží podle ýše u áde é prá e, 

k o lasti ila č ího elku č. . Autore  podro ého hydrologi kého a 

hydrogeologi kého hod o e í ila č ího elku č.  je Nakládal et al. .  Sy tézu 

i for a í še h dostup ý h průzku ů zpra o al Datel (2008). Tyto informace pak 

yly použity při u eri ké  odelo á í zhod o e ém v další h kapitolá h.  
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5. Ko entář k sou oru pra í 

V ko e táří h a přilože ý h pu liko a ý h ěde ký h člá í h jsou hodnoceny 

ož osti yužití u eri ký h odelů při si ula i proudě í podze í ody a šíře í 

tepla e z od ě ý h hydrogeologi ký h systé e h o li ě ý h jí á í  ody ze 

zatope ý h dolů a e složitý h hydrogeologi ký h systé e h a jeji h yužití při urče í 

e ergeti kého pote iálu z ole ý h lokalit. Dále je ilustro á a ož ost jeji h yužití 

při prog óz í h ýpočte h li u od ěrů geoter ál í e ergie a hydrauli ký a teplot í 

reži  a při yužití tepla ter i ky akti ího uhel ého od alu Eliška jako ož ého 

energetického zdroje.  

5.1 Posouzení využití hydrogeologi ký h struktur se zatopený i doly 

pro energeti ké účely 

5.1.1 Pu likované prá e 

REC, Scopus 

Baier, J., Polák, M., Ši delář, M., Uhlík, J. . Nu eri al odeli g as a asi  tool for 

evaluation of using mine water as a heat source, WIT Transaction on Ecology and 

the Environment, Vol. 143, WIT Press, ISSN 1743-3541, DOI: 

10.2495/ESUS110071 

IF, Scopus 

Uhlík, J., Baier, J. 2012. Model Evaluation of Thermal Energy Potential of 

Hydrogeological Structures with Flooded Mines. Mine Water Environ 31: 179 – 

191, DOI 10. 1007/s1023-012-0186-4 

5.1.2 Ko entář k pu likovaný  pra í  

Využí á í důl í h od pro e ergeti ké účely ůže ýt fi a č ě ýhod é, a to 

zej é a na lokalitá h, kde je již z ezpeč ost í h dů odů důl í oda čerpá a s íle  

yt oře í sta il í h hydrody a i ký h po ěrů (Watzlaf a Ackman, 2006).  

Využití geoter ál í e ergie z důl í h děl ůže ýt realizo á o d ě a základ í i 

s hé aty (Peters 1992): 



 

26 

 

1. Vý ě íky tepel ého čerpadla jsou u ístě y pří o do zatope ý h dolů. 

M ožst í ode íra é tepel é e ergie je li ito á o kro ě teploty důl í h od 

elikostí použitý h tepel ý h ý ě íků, tepel ě odi ý i last ost i použitý h 

ateriálů tepel ý h ý ě íků a okol ího hor i o ého asi u.  

2. Podze í oda je ze zatope ého dolu čerpá a a po r h, kde je po o í 

ý ě íků tepel ého čerpadla ode írá a její tepel á e ergie. S hlaze á odpad í 

důl í oda je pak ypouště a do hod é struktury či do y ra ého 

hydrogeologi kého kolektoru. M ožst í ode íra é tepel é e ergie je li ito á o 

velikostí ož ého čerpa ého ožst í podze í ody a jeji h prů ěr ou 

teplotou.   

)ej é a při yužití druhého popiso a ého s hé atu získá á í tepel é e ergie ze 

zatope ý h dolů ůže, díky čerpá í podze í ody, dojít k ýraz é u o li ě í 

reži u proudě í podze í h od  okolí důl í h děl a hla ě k nežádou í u 

o li ě í teplot í bilance a jí a ého ožst í podze í h od (Andrews 1978). Při 

esprá ě sta o e é  jí a é  ožst í důl í h od ůže dojít k poklesu 

piezo etri ký h tlaků  hydrogeologi ké struktuře a k poklesu záso  důl í h od 

yužitel ý h pro získá í geoter ál í e ergie.  

Při posouze í efekti ity yužití zatope ý h dolů pro e ergeti ké účely a posouze í 

jeji h li u a přírod í po ěry, usí ýt zohled ě o oho aspektů. Mezi 

nej ýz a ější patří znalost lokál ích i případ ě regio ál ích hydrody a i ký h 

pod í ek proudě í podze í ody a šíře í tepla, čet ě prostoro é heterogenity 

last ostí hor i , dále předpokláda é od ěry důl í h od, teplot í a hydrauli ké 

charakteristiky hornin. )ásad í ýz a  á z alost itř í h a ější h okrajo ý h 

pod í ek, počáteč ího prostoro ého rozlože í teplot ího pole a piezo etri ký h 

pod í ek. Důležitá je i z alost velikosti přiroze ého tepel ého toku )e ě a 

pod í ky dota e yuží a é hydrogeologi ké strukturu at osféri ký i srážka i, 

přetéká í ze sousedí í h struktur atp.  

Nu eri ké odelo á í se tak stá á, díky složitosti úloh podo ého typu, jedi ý  

efekti í  ástroje , díky které u je ož é při posouze í rát  ú ahu ětši u ýše 

z í ě ý h li ů, ož yužití a alyti ký h postupů, které se  součas é pra i při 

prog óz í h ýpočte h ila e tepel ý h čerpadel pře áž ě použí ají, edo oluje.  
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Z a alýzy i for a í o progra e h yužitel ý h pro prog óz í ýpočty podo ého 

typu yplý á, že doposud bylo vyvinuto a úspěš ě o ěře o oho u eri ký h kódů 

slouží í h k si ula i proudě í podze í ody a šíře í tepla e z od ě ý h 

hor i o ý h systé e h. Mezi ejz á ější patří apříklad progra  FEFLOW (Diersh, 

2005) nebo TOUGH2 (Prues, 1991). Progra  FEFLOW je y i utý a si ulaci 

proudě í podze í ody a šíře í tepla e z od ě é  hor i o é  prostředí. Na 

si ula i proudě í podze í ody a tepla  hydrogeologi ký h strukturá h o sahují í 

zatope é doly yl již použit ěkolika autory Rapa to á, ; Re z ). 

Ne ýhodou progra u FEFLOW je kro ě ji ý h i jeho ysoká pořizo a í e a a yšší 

od or é ároky a jeho yužití, da é jeho ko pliko a ostí.  

V  člá ku Baier et al., 1  je podro ěji popsá a aplika e u eri kého odelu 

FEFLOW při si ula i proudě í podze í ody a tepla  důl í  re íru 

poly etaly ký h rud a Pří ra sku rud í re ír Březové Hory – Bohutín a pří ra ský 

ura o ý re ír). V  to to příspě ku jsou po o í kali ro a ého u eri kého modelu 

popsá y regio ál í po ěry proudě í podze í ody  záj o é  úze í a urče  li  

od ěrů poze í ody z já y Marie pro tepel é čerpadlo a regio ál í po ěry 

proudě í podze í ody a tepla. 

V pu liko a ý h člá í h a v disertač í prá i se líže za ý á e zej é a popise  

si ula e proudě í podze í ody a tepla po o í u eri ký h kódů MODFLOW 

(Harbaugh, 2000) a MT3DMS (Zheng, 1999 , které jsou ol ě dostup é. Progra  

MT DMS je šeo e ě použí á  a si ula i tra sportu rozpuště ý h látek 

v podze í odě. Pro lé e  je, že da ý progra  eu ožňuje yužití pro řeše í 

úloh šíře í tepla. Te to pro lé  se pokusil yřešit Thorne (2006a, 2006b), který a 

základě teorie a alogie ěr ostí fyzikál í h polí publikoval metodu u ožňují í yužití 

programu MT3DMS při simulaci šíře í tepla e z od ě ý h horninový h systé e h. 

Proto bylo jed í  z ílů odelo ý h pra í o ěře í ož osti yužití metody analogie 

při si ula i tepla  regio ál í  ěřítku a zhodnotit a popsat meze jeho yužitel osti 

při řeše í eje  ěde ký h, ale hla ě prakti ky ýz a ý h úloh.  

Pro aplika i u eri kého odelu proudě í podze í ody a šíře í tepla byla 

z ole a lokalita již í části plzeňské pá e. Proudě í podze í ody ylo si ulo á o 

po o í nu eri kého kódu MODFLOW  a e druhé  kroku pak proudě í tepla 
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po o í kódu MT3DMS za yužití pre a post procesoru Groundwater vistas 5 

(Rumbaugh, 2011). 

Geologi ký řez záj o ý  úze í  je zo raze  a o rázku 5.1. Li ie geologi ký h 

řezů A-A´ a B-B´ jsou zo raze y a situač í  o rázku 5.2.  

 

 

O rázek 5. :  Geologi ké řez  již í částí plzeňské pá ve, osa y je  převýše a 

K těž ě čer ého uhlí docházelo v této o lasti pře áž ě  sedi e te h klade ského 

sou rst í v hlou ká h dosahují í h až 400 m p. t. K uko če í těž y a k  zatope í 

hlu i ý h dolů )iegler a Kri i h II  došlo  roce 1995. 

Vertikál ě je odelo é úze í t oře o . rst a i. Báze odelu je shod á 

s po r he  předkar o ského podloží. Horizo tál ě je odelo é úze í rozděle o a 

elementy o velikosti hrany 200 . Prostředí dolů je si ulo á o po o í zó  ze 

z ýše ou hydrauli kou odi ostí. Výsled á elikost odelo ého úze í je  k 2 a je 

vole o tak, a y edo házelo, e o ylo ýraz ě o eze o přetéká í podze í ody 

přes jeho hra i e. Jedi ý  zdroje  podze í ody  záj o é  úze í je tedy 

srážko á i filtra e si ulo a á hod otou   za rok sta o e á z hydrologi ké 

a alýzy). K odtoku podze í ody do hází dre áží do od í h toků nebo 

si ulo a ý i od ěry podze í ody. 
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O rázek 5. :  Situa e záj ového úze í 

Pro účely kali ra e u eri kého odelu proudě í podze í ody  již í části 

plzeňské pá e a simulaci součas ý h a pote io ál í h pod í ek, bylo sestrojeno 

ěkolik aria t odelů, si ulují í růz é po ěry proudě í podze í ody čet ě 

predikč í aria ty: 

1. si ula e po ěrů proudě í, kdy byly či é doly Liko a, Kri i h II a )iegler – 

kali ra e ate ati kého odelu proudě í podze í ody, 

2. zatápě í dolů Liko a, Kri i h II a )iegler – si ula e eustále ého proudě í 

podze í ody, kali ra e odelu, 

3. součas é po ěry proudě í podze í ody se zatope ý i doly – ý hozí 

aria ta pro poro á í li ů od ěrů podze í ody a tepla, 

4. dlouhodo ý od ěr důl í h od o velikosti 20 l.s-1 pro tepel é čerpadlo.  

Si ula e proudě í tepla yla pro ede a pro tyto varianty odelu proudě í 

podze í ody: 

1. model součas ého sta u:   a) eo li ě é teplot í pole, 

b) u ístě í ý ě íku tepel ého čerpadla do 

zatope ého dolu Kri i h II, si ulo a ý od ěr kW, 
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 u ístě í ý ě íku tepel ého čerpadla do 

zatope ého dolu Kri i h II, o ěh édia o teplotě 

1 °C; 

2. model sta u o li ě ého dlouhodo ý  od ěre   l.s-1 důl í h od. 

Pro si ula i u ístě í tepel ého ý ě íku pří o do zatope ého dolu ylo ut é 

ýraz ě zje it ýpočet í síť. Modelo á rst a o sahují í důl í díla yla rozděle a do 

další h  rste  a horizo tál ě došlo k zahuště í ýpočet í sítě až a elikost . 

Účele  si ula í proudě í podze í ody a tepla ylo určit ožst í podze í 

ody a tepla, které y ylo pote io ál ě ož é ode írat a záro eň zhodnotit vliv 

od ěrů a proudo é a teplot í pole. V rá i testo á í etody si ula e šíře í tepla 

po o í progra u MT DMS yl od ěr tepla si ulo á  za růz ých okrajo ých 

pod í ek: 

 okrajo á pod í ka . druhu – a plášti tepel ého ý ě íku yla zadá a 

ko sta t í teplota, si ula e o ěhu édia o ko sta t í teplotě  tělese 

tepel ého ý ě íku;  

 okrajo á pod í ka . druhu – v odelo ý h uňká h si ulují í tepel ý 

ý ě ík yl zadá  elko ý ko sta t í od ěr tepel é e ergie o elikosti  

kW. 

 okrajo á pod í ka . druhu – v odelo ý h uňká h si ulují í rt yl zadá  

ko sta t í od ěr důl í vody o velikosti 20 l.s-1. 

Dota e tepla do odelu je si ulo á a okrajo ou pod í kou . druhu. Ko sta t í 

přiroze ý tepel ý tok Ze ě je zadá  hodnotou 60 mW.m-2do azál í odelo é 

vrstvy, typi kou pro záj o é úze í. Odtok tepla je si ulo á  okrajo ou pod í kou 

1. typu v . odelo é rst ě, kde je zada á ko sta t í teplota .  °C.  

Na první lokalitě, na úze í již í části plzeňské pá e, yly si ulo á y elke   

aria ty způso u od ěrů tepla. Při si ula i ko sta t ího dlouhodo ého od ěru 

kW tepel é e ergie tepel ý  ý ě íke  u ístě ý  pří o do zapla e ého dolu 

Kri i h II došlo k ýraz é u poklesu teploty o r. 5.3). Nej ětší pokles astá á 

v pr í h lete h pro ozu tepel ého čerpadla. Podle odelo ý h ýsledků y od ěr 

tako ého ožst í e ergie e yl ož ý. 
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O rázek 5.3:  Pokles teplot a plášti tělesa tepel ého vý ě íku – si ula e dlouhodo ého 
od ěru kW 

Při si ula i dlouhodo ého o ěhu édia o teplotě °C  tělese tepel ého 

ý ě íku y hází pokles teploty  jeho okolí při liž ě .  °C O r. 5.4 . M ožst í 

ode íra é tepel é e ergie y hází .  kW. ) dlouhodo ého hlediska, kdy pokles 

teploty tr á sto ky let o r. 5.4 , je o li ě í teplot ího pole za ed atel é. 

 

O rázek 5.4:  Pokles teplot v okolí tepel ého vý ě íku – si ula e dlouhodo ého o ěhu 
edia o teplotě  °C 

Dlouhodo ý od ěr  l.s-1, který si uluje sezó í od ěr  l.s-1 důl í h od, 

z prostoru zatope ého dolu Kri i h II způso í pokles piezo etri kého apětí 

podze í ody až a úro eň důl í h hode  O r. 5.5, 5.6).  
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O rázek 5.5:  Modelové izoli ie hladi  podze í vod  odré li ie  při si ulova é  
dlouhodo é  od ěru  l.s-1 podze í vod  pro tepel é čerpadlo 

Od ěr podze í ody způso í e ýz a ý pokles teploty podze í ody. V oblasti 

od ěru dojde ke s íže í teploty při liž ě o  °C O r. . .  

 

O rázek 5.6:  Piezo etri ké hladi  podze í vod   . .  a izoli ie z ě  teplot °C  
v vola é od ěre  0 l.s-1 

Při u áže í sezó ího od ěru  l.s-1 top á sezó a , y při s íže í teploty 

ode íra é ody ý ě íky tepel ého čerpadla o  °C a při u ažo á í tepel é 

kapa itě ody  J-1.kg-1.°C-1, ylo ož é ode írat a .  MW. 
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5.2 Posouzení využití hydrogeologi ký h struktur o sahují í ter ální 

vody doly pro energeti ké účely 

5.2.1 Pu likované prá e 

 

REC, IF - google scholar, index copernicus,  

Baier, J., Uhlík, J., Datel, J. V., 2013. Mathematical modelling of the groundwater and 

heat flow in the complicated hydrogeology structures. International journal of 

engineering and research, ISSN 2278 – 0181, in press.  

5.2.2 Ko entář k pu likovaný  pra í  

Podle Datla (2005) je BU)S jed í  z ej ětší h rezer oárů podze í ody  ČR. 

Teploty podze í ody dosahují až  °C. Ter ál í ody  o lasti Děčí ska a Úste ka 

yly o je e y po ěr ě edá o. Před počátke  jeji h yuží á í ylo jeji h proudě í 

eli e po alé až stag ují í. Po začátku od ěrů zej é a pro ytápě í e o ěstská 

koupaliště  došlo k regio ál í z ě ě s ěrů a ry hlosti proudě í. Je tedy otázkou, 

jaký li  ůže ít o li ě í a teplotu ter ál í h od  udou u.  

 

O rázek 5.7: Geologi ké zlo  v oblasti BUZS: 1 – Kruš ohorské zlo ové pole, 2 – Středohorské 
zlo ové pole (2a – Stážský zlo , 2b – Českolipské zlo ové pole, 2c – Úště ký zlo , 2d – Li o hovi ký 
zlom), 3 – Malešovsko-Okřeši ký zlo , 4 – Valkeři ký zlo , 5 – Radečský zlo ,  – Kerharti ký zlo , 7 – 

Českoka e i ké zlo ové pole 8 – Svorský zlo , 9 – Děčí ské zlo ové pole, 10 – Luži ký zlo , 11 – 

Li o hovi ký zlo , 12 – Žite i ký zlo , 13 – Skali ký zlo ,  – Be hlejovi ký zlo , 15 – Dou i ké 
zlo ové pole  

V křído ý h sedi e te h BU)S jsou y i uty až  kolektory s ezilehlý i izolátory. 

Napříč čet ý i zlo y O r. .7  ůže do házet k horizo tál í  přetoků  podze í 

ody ezi rozdíl ý i kolektory. V ej ětší  z toků La e  elze dy a i ké záso y 
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podze í h od sta o it ěře í . Roč í srážko é úhr y  ej yšší h íste h teré u 

dosahují při liž ě d oj áso ku e sro á í s ej ižší i o last i Nakládal, . 

Zdrojem podze í h od je ýhrad ě srážko á i filtra e. Roč í srážko ý úhr  

v příto ý h srážko ěr ý h sta i í h kolísá  roz ezí   – 1015 mm a je 

zá islý a ad ořské ýš e teré u Nakládal et al., . V ej ýše polože ý h 

partií h odelu dosahuje i filtra e hod ot při liž ě  l.s-1.km-2. Prů ěr á i filtra e 

v elé odelo é ploše je při liž ě  l.s-1.km-2. 

U ede ý ýčet základ í h para etrů odelo ého úze í o li il ýsled ou 

ko ep i odelo á í. Vzhlede  ke ko pliko a ý  po ěrů  proudě í podze í 

vody, byl pro odelo á í proudě í podze í ody z ole  o ěře ý u eri ký kód 

MODFLOW2000 (Harbaugh et al., 2000). Vzhlede  ke záje é ko pati ilitě, yl 

odelo á í šíře í tepla yužit program MT3DMS (Zheng a Wang, 1999). Model byl 

zpra o á  pro regio ál í úze í s rozlohou  k 2. V modelu proudě í yl 

apliko á  o ý postup zadá í hydrauli ký h harakteristik, které jsou automaticky 

ypočte y  odulu MODFLOW HUF - Hydrogeologic Unit Flow (Anderman and Hill, 

2000). Od ěry podze í ody z jí a í h rtů byly si ulo á y po o í odulu 

MODFLOW MNW1 Halford, K.J., Ha so  R.T., . )ada é odelo é od ěro é 

ožst í je odule  MNW  rozděle o do jed otli ý h u ěk ote ře ý h úseků rtů 

tak, a y piezo etri ký tlak podél ote ře ého úseku rtu yl ko sta t í.  

Kali ra e odelu proudě í podze í ody podle hladi o ého a ila č ího kritéria 

pro ěhla zpra o á í  tří aria t sta io ár í h si ula í. Modelo é hod oty 

hydrauli ký h ýšek yly poro á y se z á ý i údaji hladi  v  da ém o do í. 

 V pr í aria tě (Varianta 1) yly si ulo á y po ěry proudě í  obdo í před 

zaháje í  od ěrů podze í ody ze struktury.  

Ve druhé aria tě (Varianta 2) yly si ulo á y po ěry proudě í podze í ody 

v o do í při a i ál í e ploata i struktury. Celke  yla odelo á hladi a 

poro á a s ěkolika desítka i ěře ý h hladi  e rte h, shro áždě ý h 

Nakládale  et al. . Modelo é hladi y artézský h z od í  dre áž í h o laste h 

ají shodu s ěře í  do  . V o laste h roz od i  yly připuště y i ětší rozdíly 

(Obr. 5.8).  
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O rázek 5.8: Porov á í ěře ý h hladi  a rozdílů ěře ý h a odelový h hladi  podze í 
vody (varianta 2) 

Kali ra e podle průtoko ého kritéria O r. 5.9  yla uplat ě a e druhé aria tě 

simulace, kdy modelové dré o a é ožst í podze í ody v jed otli ý h úse í h 

říč í sítě ylo poro á á o se z ěře ý i hodnotami při e pedič í  zá ěru průtoků 

e odotečí h.  

 

O rázek 5.9: Porov á í ěře ý h a odelový h průtoků v povr hov ý h to í h varia ta  

Ve třetí aria tě (Varianta 3) yly si ulo á y po ěry proudě í podze í ody při 

součas ý h prů ěr ý h od ěre h. 

Z ýsledků modelo á í yply ulo, že zhlede  ke ker é tekto i ké sta ě 

záj o ého úze í jsou piezo etri ké ýšky proudě í podze í ody  azál í  

kolektoru A a v hla í  kolektoru BC na při liž ě shod é úro i. Tento jev je 

způso e  tí , že ýška tektoni kého skoku a jed otli ý h zlo e h o ykle 

pře yšuje o ost azál ího z od ě ého kolektoru. 
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Výsledky dále ukázaly, že ker á sta a a ko pliko a ý systé  přetéká í podze í 

ody ezi hla í  a azál í  kolektore  ylučuje izolo a ý o ěh podze í ody 

v kolektoru A a též ylučuje, a y došlo k ětším tlako ým rozdílům ezi o ě a 

kolektory. Te to zá ěr je  souladu s pozoro á í , kdy ylo zjiště o, že a i ál í 

rozdíl piezo etri kho apětí ezi azál í  a hla í  kolektore  byl v odelo é 

oblasti pouhý h 10 m. 

)ásad í ko plika í při odelo á í da é struktury je, že zde do hází k asi í  

od ěrů  podze í h od pro záso o á í pit ou odou. Od ěry podze í ody 

v o do í ej ětší e ploata e struktury  o lasti Ústí ad La e  a Děčí a dosaho aly 

hodnot 147 l.s-1 a 27 l.s-1. ) ač é od ěry podze í h od y olaly v o lasti Děčí a a 

Ústí ad La e  pokles tlaku artézský h kolektorů ABC a AB (Obr. 5.10) až o  .  

)ají a é je, že  o lasti České Lípy, kde kolektor BC e í artézský, y olá á 

dlouhodo ý od ěr podze í h od v hod otě 238 l.s-1 poklesy hladiny do 8 m.   

 

O rázek 5.10: Modelové izoli ie hladi  podze í vod  varia ta  a s íže í hladi  
podze í vod  v vola é od ěr  podze í vod  

Modelo á í proudě í tepla ylo zpra o á o pro še h y z í ě é varianty simula í 

proudě í podze í ody, liší í zej é a e elikosti od ěrů podze í ody. Rozlože í 

teplot, ypočte é pro eo li ě ý reži  proudě í podze í ody (Varianta 1), bylo 

e aria tá h . a . zadá o jako počáteč í pod í ka.  

Při zadá í para etrů pro ýpočet šíře í tepla se y házelo z doporuče í, které 

publikoval Thorne et al. (2006b . Vli  teploty a hydrauli ké para etry hor i o ého 

prostředí hydrauli kou odi ost  i a last osti ody přede ší  iskozitu a hustotu , 
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a na tepel é harakteristiky tepel ou vodivost a specifickou tepelnou kapacitu), byl v 

a alyzo a ý h s é áří h za ed á . Předpokládalo se, že teplota podze í ody se 

ě í pouze o jed otky °C a hydrauli ký pote iál je pře áž ě určo á  

geo orfologi ký  ýško ý  vztahem mezi i filtrač í i o lastmi a dre áž ími 

áze i. 

Dále se předpokládalo, že koefi ie t tepel é odi osti společ ě s tepel ý  toke  

je v pod í ká h, kdy edo hází k proudě í podze í ody, dá  árůstem teploty 

podze í ody s ěre  do podloží. Ve sro á í s ožst í  i for a í o 

hydrauli ký h odi oste h byla i for a e o tepel é odi osti hor i o ého ateriálu 

sporadi ká. Vzhlede  k edostatku i for a í o prostoro é  rozlože í koefi ie tu 

tepel é odi osti e az ě a jed otli á sou rst í, yl ýsled ě z ole  zjed odušují í 

postup, spočí ají í  to , že yl tento koeficient v elé  prostoru odelu zadá  jako 

ko sta t í hod ota e ýši 1.66 W.m-1.°C-1., ož odpo ídá last osti z od ě ý h 

kolektorů.  

Obdobné o eze í  rozsahu i for a í ez yt ý h pro sesta e í odelu se 

vztahuje i na koefi ie tu spe ifi ké tepel é kapa ity. Díky edostatku o jekti ě 

zjiště ý h hod oty yl pro elou o last modelo a ého úze í zadá  pro horninovou 

matrici koefi ie t tepel é kapa ity o hod otě 920 J.kg-1.°C.   

Pro potře y kalibrace modelu tj. poro á í shody mezi ěře ými a ypočte ými 

teplotami byly yhod o e y ýsledky ěře í teplot vody ve vrtech v odelo é  

úze í O r. .12). Grafi ké poro á í ěře ý h teplot a odelo ý h teplot je na 

o rázku 5.11. Vysoká shoda ezi ýsledky odelo á í a ěře í yla dosaže a 

v o lasti Ústí ad La e  a  o lasti Děčí a. Modelo é od hylky teplot v tě hto 

o laste h epřekračují °C. Nej ětší rozdíly ěře í a odelu se yskytují  e trál í 

oblasti ezi Českou Lípou a Děčí e , kde jsou modelova é teploty oproti ýsledkům 

ěře í ojedi ěle ižší i o í e ež °C. Rozdíly ypočte ý h teplot jsou hla ě 

o li ňo á y dynamikou proudě í podze í ody v da é  ístě. V íste h 

pozoro a ý h rozdílů e istuje podle e piri ký h zkuše ostí sestup é proudě í 

podze í ody až do azál ího kolektoru. Reál ě se ůže  tě hto lokalitá h 

vyskytovat i ír ý přetlak azál ího kolektoru A oproti hla í u kolektoru BC. Za 

tako ý hto pod í ek proudě í e í azál í kolektor A sestup ý  proudě í  

o li ňo á . 
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O rázek 5.11: Porov á í ěře ý h a odelový h teplot -Varianta 2 

Ploš é rozděle í prů ěr ý h ertikál í h teplot  kolektoru BC je zobrazena na 

o rázku 5.12. Nej ižší odelo é teploty se yskytují  ěl e založe é struktuře 

lízko k teré u  a v i filtrač í h o laste h. Naopak ej yšší teploty podze í ody 

jsou dosaho á y  oblastech s po alý  o ěhe  podze í ody Úste ko  a 

v o laste h ej í e zakleslý h tekto i ký h ker o last Be ešo a ad Plouč i í , kde 

se a hází áze křído ý h sedi e tů e hlou ká h ad  .  

 

O rázek 5.12: Simulova é tepel é pole v kolektoru BC - varianta 1 

V oblasti BZUS byl také líže zkou á  li  proudě í podze í ody a rozlože í 

teplot ího pole. ) hlediska ěře í teplot podze í ody a sta o e í tepel ého toku 

je oblast BUZS jednou z ejlépe prozkou a ý h o lastí české křído é pá e. 

Sta o e í  tepel ého toku a úze í české křído é pá e se podro ě za ý al 

apříklad Marušiak a Čer ák  i  I r ajer a Suk  nebo Myslil (2007). 

V edá é do ě se sta o e í  tepel ého toku  o lasti BU)S podro ě za ý ala 
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Jiráko á et al. . Ta po o í ěře ý h ertikál í h profilů e y ra ý h rte h a 

ásled ou i terpola í s u áže í  zdále osti od po r hu sta o ila elikost tepel ého 

toku v elé o lasti BU)S a výsled ý tepel ý tok y hází e ší ež  W. -2 

v infiltrač í h o laste h a přesahují í  W. -2 v dre áž í h o laste h.  

Vli  proudě í podze í ody a rozlože í tepel ého pole yl urče  z rozdílu 

odelo ý h aria t si ulují í sta  ez a s proudě í  podze í ody. Sta  ez 

proudě í podze í ody yl si ulo á  odelo ou aria tou, e které yla zadá a 

 e ší hydrauli ká odi ost a i filtra e podze í ody. Nej ětší rozdíly teplot 

dosahují í až  °C yly ypočte y  i filtrač í h o laste h. K ýraz é u árůstu 

teplot y při i i aliza i proudě í podze í ody ro ěž došlo  ejhlu ší h 

částe h BU)S  o lasti ezi Českou Lípou a Děčí e  O r. 5.13). 

 

O rázek 5.13:  ) ě  teplot  podze í vod  °C  v kolektoru A v vola é proudě í  
podze í vod  

Po o í si ulo a ý h od ěrů podze í ody yl sta o e  jeji h li  a proudo é a 

teplot í pole. Nej ětší od ěry yly realizo á y  . lete h i ulého století.  

Prediko a ý pokles teploty podze í ody y hází  řáde h pr í h jed otek °C 

(Obr. 5.14 . Časo é ěřítko z ě , které ýraz ě přesahuje sto ky let, pot rzuje 

reál á pozoro á í, kdy e yl doposud zaz a e á  ýraz ý pokles teplot podze í 

vody.  
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O rázek 5.14:  Si ulova ý pokles teplot  podze í vod  v vola ý ejv šší i realizova ý i 
od ěr  ze struktur  BU)S 

Další  íle  odelo ý h pra í ylo určit pote iál í ož é a ýše í od ěrů 

podze í ody, které y ylo ož é yuží at pro e ergeti ké účely. Li it í  

kritérie  pro sta o e í elikosti a i ál í h od ěrů ylo za ho á í ýtlač é úro ě 

artézský h kolektorů ad úro í říč í sítě. V to to případě y e ěla astat ož ost 

prů iku z ečišťují í h látek z o lasti k artér í h sedi e tů s ěre  do podloží. 

Souhr é, ej yšší ož é od ěry podze í ody  o lasti Úst í ad La e  a Děčí a 

byly modelem stanoveny na 275 l.s-1 a 44 l.s-1. 

Nu eri ky sta o e é rozlože í tepel ého pole odpo ídají í ěře ý  teplotá  

ylo do íle o zadá í  tepel ého toku  roz ezí  – 80 mWm-2. O lasti ýskytu 

teplejší h od jsou dá y spíše ertikál í  proudě í  podze í ody s ěre  

z hlu ší h částí pá e do dre áž í h o lastí, ež zó a i s yšší  tepel ý  toke  

Ze ě. 
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5.3 Posouzení využití uhelný h odvalů pro energeti ké účely 

5.3.1 Pu likované prá e 

IF 

Kaluž iči o á, Š., Strako á, H., Baier, J. a d Chrast ý, V., . The coal heap as an 

energy source – calculation of its utilization potential based on a model. 

International Journal of Oil, Gas and Coal Technology, ISSN online: 1753-3317, 

ISSN print: 1753-3309, under review. 

5.3.2 Ko entář k pu likovaný  pra í  

Měře í e isí CO2 a teploty y ra ý h hald yl  lete h  až  realizo á  

Č)U a . lokalitá h – A k. ú. Ža léř – od al dolu Ja  Š er a , B k.ú. Ža léř – odval 

Eliška , C k.ú. Markoušo i e, od al dolu Ig á , D k.ú. Rad a i e  Če há h, od al 

dolu Kateři a .  

S íle  zhod o e í e ergeti kého ýz a u tě hto hald a ěde kého o ěře í 

ož osti yužití ate ati kého odelo á í, yl yt oře  matematický model 

ý oje teplot ího pole na lokalitě B k.ú. Ža léř – od al Eliška , e oť zde yly 

a ěře y ysoké teploty a lze předpokládat, že halda á ej ětší e ergeti ký 

pote iál. Výsledky ěře í ukázaly, že teploty na povrchu haldy dosaho aly až °C. 

Na simulaci šíře í tepla z ole  ate ati ký odel SHEMAT a pre a post pro esor 

ProcessingSHEMAT (Clauser 2003).  

Pro da ou lokalitu yla y eze a odelo a á o last o ploše 340x160 m, která yla 

diskretizo á a pra idel ou sítí o  řádek a 64 sloupců s délkou kroku odelo ého 

bloku 2.5 m. Ve ertikál í  s ěru je odel rozděle  na 43 vrstev s pro ě li ou 

o ostí. S hé ati ký ko ept s urče í  rozhodují í h faktorů je zobrazen na 

o rázku .15. Prostředí ad haldou  zá islosti a poloze  je rozděle o do 10. vrstev 

s o ostí od ,5 do  . Vlast í těleso haldy je rozděle o do  rste  

s mocnostmi od 0,  do . Nej e ší o osti ýpočto ý h rste  jsou zadá y 

v íste h ěře ý h teplot a a styku halda/ zdu h a halda/podlož í hor i a. 

Celko á o ost haldy je ,  . Podloží haldy je rozděle o do  rste  s mocnostmi 

od 1 do 10m. 
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Hla í  íle  odelo ý h pra í ylo po o í u eri kého odelu zhod otit 

o je  pote io ál ě yužitel é e ergie pro e ergeti ké účely a ož ou do u 

yuží á í haldy.  

Metodika odelo ý h pra í y házela z předpokladu, že elikost ěře ý h teplot je 

dá a intenzitou e ergie proudí í z tělesa haldy a kli ati ký i po ěry. Účele  ylo 

k a tifiko at elikost tepla tak, a y teploty ěře é odpo ídaly teplotá  odelo ý . 

V rá i kali ra e sta io ár ího odelu yly ě ě y para etry prostředí a elikost 

dodá a ého tepla tak, a y ylo dosaže o a i ál í shody ěře ý h a odelo ý h 

teplot. Po kali ra i sta io ár ího odelu ylo použito ypočíta é tepel é pole jako 

počáteč í pod í ky pro tra sie t í si ula e, u který h dojde k yp utí okrajo ý h 

pod í ek si ulují í h dota i tepla do systé u. Po o í tra sie t í h si ula í yla 

urče a do a, za kterou dojde k ustále í pod í ek  případě, že y edo házelo 

kro ě přiroze ého tepel ého toku ze ě  k dota i tepla. Je tak urče  ejkratší 

ož ý i ter al yuží á í haldy pro e ergeti ké účely. 

 

O rázek .15: S hé a ko eptu si ulova é hald  
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Přiroze ý tepel ý tok  W.m-2 je si ulo á  okrajo ou pod í kou druhého typu 

zada ou do  odelo é rst y áze odelu , harakterizo a ou ko sta t í  

přísu e  tepel é e ergie do odelu. 

Okrajo ou pod í kou . typu zadá ou do  odelo é rst y je si ulo á a dota e 

tepla u itř haldy. Velikost okrajo é pod í ky yla ěhe  kali ra e ate ati kého 

odelu ě ě a tak, a y došlo k o ejlepší shodě ěře ý h a odelo ý h hod ot. 

Výsled á hod ota dotace dosahuje úro ě 5.3 kW na plochu 100m2. Od ěr tepla je 

si ulo á  po o í okrajo é pod í ky . druhu zada é do . odelo é rst y a 

předsta uje dlouhodo ý prů ěr at osféri ké teploty pro lokalitu. 

Ve třetí  příkladu, byl ýpočty o e ě  z ač ý e ergeti ký pote iál haldy Eliška. 

Součas á dota e tepla z ýsledků u eri kého odelu y hází ej é ě .  KW.   

Při odelo á í yl urče  ý oj teploty  tělese hoří í haldy v případě, že y 

edo házelo k další dota i tepla s ýji kou přiroze ého toku ze ě . Nejry hlejší 

pokles teploty astá á  pr í h lete h od uko če í dota e tepla do haldy O r. 

5.16 . Ještě po . lete h po uko če í dota e tepla překračuje teplota  tělese haldy 

°C. Těs ě pod po r he  haldy dojde k poklesu teploty a °C po a  lete h.  

) e še í para etru tepel é odi osti, zej é a  pr í h lete h zpo aluje pokles 

teplot. Podo ě je to u při z ětše í tepel é kapa ity. 
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O rázek 5.16:  Si ulova ý pokles teplot  v tělese hald  při ee iste i zdrojů tepel é e ergie 
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6 Diskuze 

V pu liko a ý h pra í h je hod o e a ož ost yužití u eri kého kódu MT DMS 

při u ede ý h ýpočte h, který se ěž ě epouží á při simulaci šíře í tepla. Proto 

yla o ěřo á a ož ost yužít tohoto kódu společ ě s postupem rozpracovaný  na 

základě etody a alogie fyzikál í h polí, který publikoval Thorne et al. (2006a a 

2006b).  

Na testo a í h příklade h yla nejprve zkou á a zej é a ila č í sta ilita 

u eri ký h řeše í, e oť Thor e a  o ěřo al apliko atel ost jí  a rže ého 

postupu pouze v rá i la orator í h pokusů, a Mé dez  pouze při hod o e í 

šíře í tepla v pří é lízkosti jednoho vrtu s tepel ý  ý ě íke . Žád á z tě hto a 

a i ji ý h dostup ý h pra í h e rala  ú ahu li  složitý h hydrogeologi ký h 

pod í ek  regio ál í  ěřítku. 

Protože řeše í úloh šíře í tepla yžaduje prog óz í zhod o e í hydrody a i ký h 

pod í ek, yl pro si ula i proudě í podze í ody yužit u eri ký kód 

MODFLOW2000. Podle (Adamse, 2000), nebo Rapa to é  á šak yužití 

MODFLOW, a další h u eri ký h kódů, založe ý h a popisu proudě í podze í 

vody v zatope ý h důl í h díle h ýz a á o eze í.   ) lášt ostí typu řeše ý h 

tě hto úloh je, že proudě í podze í ody  hydrogeologi ký h systé e h 

o li ě ý h důl í i díly, které yt ářejí el i ko pliko a ý heteroge í h systé  

hod y, rozrážky, zá alo á pás a, ertikál í díla   ě ž, díky a tropoge í u 

aruše í těž ou, za určitý h pod í ek do hází k tur ule t í u proudě í podze í 

ody, a tí  k aruše í li earity defi o a é Dar yho zákonem. Naproti tomu v okolí 

důl í h děl do hází  hor i o é  prostředí zpra idla k po alé u proudě í 

podze í ody, o li ě é  zej é a polohou i filtrač í h a dre áž í h o lastí. Pro 

si ula i proudě í důl í h od pří o  důl í h díle h je tedy ut é použít u eri ké 

kódy, e který h je ož é si ulo at jak ol é proudě í ody a alogi ké proudě í  

ka aliza i, tak i Dar yo ské proudě í  okol í h hydrogeologi ký h tělese h.  

Rapa to á (2007) sprá ě upozorňuje, že li  tur ule t ího proudě í  ote ře ý h 

důl ích prostore h á pouze lokál í harakter. O e ě platí, že se aruše í li earity, 

díky elký  lokál í  ry hloste  přítoků ody do rtů a ote ře ý h důl í h prostor, 

proje uje hla ě při čerpá í podze í h od z důl í h děl či  jeji h lízkosti. To 
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u ožňuje yužití MODFLOW při prog óz í h ýpočte h proudě í podze í ody 

v regio ál í  či su regio ál í  ěřítku.  

Při si ula i hydrody a i ký h polí je jed í  z ejdůležitější h para etrů, které 

pod iňují reži  a prostoro é z lášt osti proudě í podze í ody e z od ě é  

hor i o é  prostředí koefi ie t horizo tál í a ertikál í hydrauli ké odi osti kf (m.s-

1 . Jeho elikost je i o ji é zá islá a teplotě podze í ody, kdy hydrauli ká 

odi ost prostředí s podze í odou o teplotě  °C y podle Waesta et al. 1989) 

ěla ýt až d oj áso ě yšší ež hydrauli ké odi osti prostředí při teplotě °C, 

ož je ěž á teplota podze í h od a házejí í h se  hlou ká h do a  . Při 

sesta o á í ko eptuál ího odelu je tedy ut é rát ú ahu para etry ěře é 

pří o  teré u. Výz a é je, že se z ě ou teploty ody se ě í i její hustota. Se 

z yšují í se teplotou hustota klesá. Rozdíl  hustotě ody o teplotě °C a teplotě 

°C jsou při liž ě %. Blíže se li e  hustoty a proudě í ody za ý ali apříklad 

O do ič a Mls (2007).  

V reál ý h přírod í h pod í ká h e istují případy, kdy je ut o tuto zá islost rát 

při odelo á í a při sou isejí í h prog óz í h ýpočte h šíře í tepla i proudě í ody 

a zřetel, e oť rozdíly  hustotě podze í ody ohou o li it lokál ě i regio ál ě 

s ěry jejího proudě í. Vli  teploty a proudě í podze í ody se ůže proje it 

zej é a za eo li ě ý h a relati ě ustále ý h pod í ek, kdy do hází ke 

stratifika i podze í ody a základě její hustoty zej é a  ote ře ý h důl í h 

prostore h . Při této teplot í difere ia i ůže dojít k proudě í důl í h od, z láště 

e ertikál í h díle h. Te to li  je o še  o eze  rozdíle  pote iálů podze í 

ody da ý h polohou i filtrač í h a dre áž í h o lastí a další i faktory, apř. t are  

důl í h děl, její h záje ý  propoje í . Proudě í podze í ody přito  o li ňují 

lokál í od ěry důl í h od, jeji h ýtok a po r h přes štoly atp. Vli  tě hto faktorů 

ý á yšší ež li  teplot í a hustot í stratifika e. 

)áklad í i teplot í i harakteristika i hor i o ého prostředí jsou tepel á 

vodivost kT (W.m-1.°C-1  a spe ifi ká tepel á kapa ita Cp (J-1.kg-1.°C-1). Hodnoty obou 

para etrů jsou ro ěž zá islé a teplotě. V případě si ula í, kde rozdíl teplot 

epřesahuje desítky, až sto ky °C jsou z ě y para etrů y ola é rozdíl ý i 

teplota i za ed atel é. V řeše ý h úlohá h a y ra ý h záj o ý h úze í h 

pře ažuje li  regio ál í h hydrogeologi ký h pod í ek, a proto ylo ož é li  
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teploty a last osti podze í h od a hor i o ého asi u za ed at. Urče í  

para etrů tepel é odi osti a spe ifi ké tepel é kapa ity pro růz é hor i y se 

za ý ali apříklad Čer ák a Ry a h, ) nebo (Clauser a Huegens, 1995 . Tepel á 

odi ost a spe ifi ká tepel á kapa ita hor i o ého prostředí jsou ýz a ě 

o li ě y jeho póro itostí. Protože jsou póry e o pukli y  ětši ou asy e y 

vodou, s rostou í póro itostí ýraz ě stoupá tepel á kapa ita hor i o ého prostředí. 

V případě tepel é odi osti je to u aopak. )adá e é elikosti o ou para etrů do 

odelo ého řeše í tedy usí tuto skuteč ost respekto at. Použitá etodika 

sta o e í elikosti o ou para etrů a základě áže ý h prů ěrů je pu liko á a 

apříklad Thor e  a . 

 Další ýz a ou eliči ou, kterou je ut o při u eri ké  odelo á í zít a 

zřetel je přiroze ý tepel ý tok )e ě. Tepel ý tok lze zpra idla spolehli ě určit 

ýpočte  z ěře ého ertikál ího teplot ího profilu e rtu. Ve rtu es í přito  

do házet k ertikál í u proudě í podze í ody a i k teplot í stratifika i ody, ož 

je pod í ka, která při esprá é ko struk i hod o e ého rtu či te h i ký h 

zá adá h, e usí ýt spl ě a. V oblastech, kde nejsou k dispozi i a ěře é teploty 

podze í ody e í e o itoro a í h ode h, lze alespoň k při liž é u urče í 

tepel ého toku yužít apy tepel ého přiroze ého tepel ého toku. Pro pod í ky 

České repu liky lze použít apř. pu liko a ou apu zpra o a ou Myslilem (2007) 

nebo Blažko ou . 

Pro si ula i reál ý h hydrogeologi ký h pod í ek a posouze í o li ě í 

regio ál í h po ěrů podze í ody  hod o e é struktuře je ut é použít 

numeri ké kódy, které u ožňují si ula i další h faktorů a to apř. li  srážko é 

i filtra e, li u od í h toků případ ě i te zi ě z od ě ý h tekto i ký h páse , 

li  čerpá í či ol ý odtok podze í ody z důl í h děl. Použitel é progra y tak 

usí ít ástroje pro zpra o á í ko ple í ila e podze í ody a tepla 

v hod o e é struktuře či její části. 

V pu liko a ý h člá í h a  disertač í prá i se proto za ý á e zej é a popise  

si ula e proudě í podze í ody a tepla po o í u eri ký h kódů MODFLOW 

(Harbaugh,  a MT DMS )he g, , které jsou ol ě dostup é.  

Z etodi kého hlediska yly testo a í úlohy ož osti yužití u eri kého kódu 

MT DMS o ěřo á y na jed odu hý h fikti í h odele h, kdy dosaže é ýsledky 
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yly poro á á y s ýsledky a alyti ký h ýpočtů. Při dosaže í shody ezi o ě a 

metodami, byla metoda v další  kroku apliko á a a pod í ky y ra ého úze í 

(již í části plzeňské pá e, e ešo sko–úste ký z od ě ý systé ). Při kalibraci 

u eri ký h odelů proudě í ody  da ý h strukturá h ylo použito hladi o ého a 

ila č ího kritérium. Kali ra e proudě í tepla yla pro ede a po o í poro á í 

odelo ý h a v teré u ěře ý h teplot.  

V první  příkladu, yl při si ula i proudě í podze í ody  již í části plzeňské 

pá e yužit v rá i u eri kého kódu MODFLOW yužit odul LPF (Harbaugh, 

, kde je odelo é úze í ertikál ě rozděle o do rste  předsta ují í jed otli é 

geologi ké jed otky. Přetéká í vody ezi jed otli ý i rst a i bylo si ulo á o 

po o í zada ého para etru ertikál í hydrauli ké odi osti líže a uál 

MODFLOW 2000, Harbaugh, 2000)). 

V druhé  příkladu, při si ula i oblasti BUZS, která je v poro á í s před házejí í  

příklade  ýraz ě složitější, ylo ut o ejpr e řešit otázku struktur ího rozčle ě í 

modelu, e oť elý hydrogeologi ký ko ple  je ýz a ě o li ě  zlomovou 

tekto ikou, kdy došlo k postsedi tár í u tříšti é u tekto i ké u o li ě í. Báze 

křído ý h sedi e tů je tudíž z ač ě pro ě li á O r. 7.1). 

 

O rázek 7.  Báze křídový h sedi e t PROGEO s.r.o) 

Tekto i ký i posuny jednotli ý h geologi ký h sou rst í do hází k ertikál í u i 

horizo tál í u přetoku podze í ody ezi jed otli ý i geologi ký i jed otka i 

(Obr. 7.2).  
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O rázek 7. :  S hé a prů ěhu h drogeologi ký h těles a přetoku podze í vod  

K si ula i proudě í podze í ody tedy elze yužít ruti ě použí a é moduly 

BCF, LPF .  Vertikál ě ylo ut é odelo é úze í rozdělit odliš ě od geologi ké 

sta y úze í. Proto yl yužit modul MODFLOW HUF - Hydrogeologic Unit Flow 

(Anderman and Hill, 2000 , který u ožňuje zadá í hydrogeologi ký h harakteristik 

jed otli ý h geologi ký h jed otek při odelo é ertikál í diskretiza i odliš é od 

geologi ké. Při o osti hla ího kolektoru BC 450  a při elikosti ter i kého 

stup ě   se  rá i kolektoru ezi ází a strope  ůže yskyto at rozdíl tepoty 

podze í ody °C. Si ula e šíře í tepla ro ěž yžaduje detail ější ertikál í 

diskretiza i odelo ého prostoru. Výsled ě je prostor odelu diskretizo á  po o í 

 odelo ý h rste . Báze odelu je ede a  o lasti krystali ký h hor i  podloží 

křídy tak, a y ohl ýt si ulo á  přiroze ý ko dukti í tepel ý tok Ze ě do 

křído ý h sedi e tů. 

Vli  složité hydrogeologi ké struktury se proje uje i při si ula i realizo a ý h 

od ěrů podze í ody, kdy rty ohou propojo at í e kolektorů. Při sta dard í  

zadá í od ěrů po o í modulu WELL programu MODFLOW prakti ky elze dodržet 

požada ek, a y tlak podze í ody podél ote ře ého úseku rtu i  případě 

propoje í í e kolektorů  yl při liž ě ko sta t í. Z toho dů odu yly od ěry 

podze í ody z jí a í h rtů si ulo á y po o í odulu MODFLOW MNW  

(Halford, K.J. a Ha so  R.T., . )ada é odelo é od ěro é ožst í je odule  

MNW  rozděle o do jed otli ý h u ěk ote ře ý h úseků rtů tak, a y 

piezo etri ký tlak podél ote ře ého úseku rtu yl ko sta t í.  
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Ve třetí  případu, vzhledem k ysoký  ěře ý  teplotá , e ylo ož é při 

ýpočte h tepel ého toku yužít již ýše z í ě ou metodu analogie publikovanou 

Thornem (2006). Proto byl k simulaci šíře í tepla z ole  ate ati ký odel SHEMAT 

a pre a post procesor Pro essi gSHEMAT Clauser , který  praxi aplikoval 

apříklad Vedo a 2008). Oproti to u, Progra  SHEMAT e ohl ýt apliko á  a 

si ula i před hozí h d ou příkladů, protože, jak ukázalo testo á í, e á ástroje 

k ěrohod é u si ulo á í proudě í podze í ody  regio ál í  ěřítku, z láště 

v ko pliko a ý h hydrogeologi ký h strukturá h. 

 Jednou z ej ětší h ez á ý h stupují í do u eri kého odelu jsou teplot í 

harakteristiky tělesa haldy. Materiál yl a uhel é haldy ukládá   prů ěhu 

desetiletí a  případě haldy Eliška e yl druh a i o je  ukláda ý h ateriálů 

zaz a e á á . Teplot í harakteristiky tepel á odi ost a tepel á kapa ita  yly do 

odelu zadá y tak, a y alespoň při liž ě repreze to ali last osti para etrů 

jed otli ý h ulože ý h ateriálů, o je u zdu hu a ody  poréz í  prostředí. Ke 

z e še í ejistot spjatý h s ez á ý i teplot í i para etry yl pro ede  jeji h 

s ali g a ýsledky yly preze to a é pro růz é hod oty zada ý h para etrů. 

Z etodi kého hlediska řešení ukázala, že při aplika í u eri kého kódu MT DMS 

a si ula i proudě í tepla  o lasti hydrogeologi kého systé u o sahují í zapla e é 

doly a složitého hydrogeologi kého systé u o sahují í ýz a é geologi ké zlo y, 

které o li ňují regio ál í po ěry proudě í podze í ody a šíře í tepla, byla 

prokázá a jeho použitel ost.  Popsa á etoda o še  ůže ýt použita pouze 

s přihléd utí  k určitý  zjed oduše í : 

 proudě í podze í ody e í ýz a ě o li ě o teplotou a hustotou, 

 edo hází k tur ule t í u proudě í podze í ody, 

 proudě í podze í ody je průli o é, nebo lze v případě pukli o ého proudě í 

yužít metodu ek i ale t ího ko ti ua, 

 z ě y teplot podze í ody a hor i o ého prostředí  jed otli ý h 

si ulo a ý h aria tá h se příliš e ě í – hydrauli ké a teplot í para etry 

jsou v prů ěhu si ula í ko sta t í, 

 teplota podze í ody a hor i o ého así u jsou  ro o áze. 

Jak je zřej é z o rázku 6.1, yužití okrajo é pod í ky . druhu a si ula i 

ko sta t ího od ěru tepel é e ergie dá á erealisti ké ýsledky pokles teplot pod 0 
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°C . Ve skuteč osti y teplota podze í ody  okolí tepel ého ý ě íku eklesla 

pod teplotu édia, které y e ý ě íku o íhalo. Výsledek lze i terpreto at tak, že 

za stá ají í pod í ek y tako ý od ěr tepel é e ergie e yl ož ý. Použití tohoto 

způso u si ula e e í z ela přes é. 

Nej ětší ejistotu jsou e ýsled í h u eri ký h odelů proudě í tepla zada é 

elikosti tepel ý h para etrů. V poro á í  s hydrauli ký i harakteristika i 

prakti ky edo hází k ěře í tepel ý h odi ostí e o kapa it pří o v teré u. 

Hod oty para etrů yli do u eri ký h odelů zadá y a základě hod ot zjiště ý h 

z rešerš í h pra í, a yly e ětši ě případů urče y  la orator í h pod í ká h. 

Jak již ylo u ede o, li  teploty a hustotu ody a a last osti hor i o ého 

prostředí yly při ýpočte h za ed á y. V případě ut osti si ula e proudě í 

podze í ody o li ě ého hustotou e o teplotou je  součas é do ě ož é 

použít aktualizo a ý progra  SEAWAT La ge i  et al., , y házejí í 

z u eri kého kódu MT DMS. Shoe aker et al.  pu liko aly CPF odul, který 

je ko pati il í s progra e  MODFLOW  Har augh,  a u ožňuje 

si ulo at tur ule t í a la i ár í proudě í podze í ody. V edá é do ě Pa day 

et al.  z eřej ili aktualiza i u eri kého kódu MODFLOW, která u ožňuje 

lokál í, epra idel é zhuště í ýpočet í sítě, které y ohlo ýraz ě zpřes it 

ýpočty proudě í podze í ody  hydrogeologi ký h strukturá h o sahují í 

zatope é doly. Využití tě hto o ý h odulů y zpřes ilo si ula e proudě í 

podze í ody a tepla v o laste h zapla e ý h dolů a ter ál í h systé ů pouze 

v případě dostateč ého ožst í ěře ý h stup í h dat, které je e ětši ě případů 

z ač ě o eze é zej é a  o lasti teplot í h harakteristik . 
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7 Závěr 

Prog óz í ýpočty s yužití  u eri ký h odelů prokázaly z ač ý ěde ký i 

prakti ký ýz a  a užiteč ost jeji h aplika e při hod o e í z ě  reži u proudě í 

podze í ody a šíře í tepla, a dále při o ěřo á í efekti ity a li u plá o a ý h 

geoter ál í h systé ů pro e trak i tepla a yužití geoter ál í e ergie. Při e alua i 

pote iálu hod o e é geoter ál í struktury a sta o e í o li ě í ži ot ího 

prostředí je ož é do rozhodo a ího pro esu ý ěru hod é struktury i hod ý h 

e trakč í h pr ků rtů, podze í h ý ě íků  o e it tako é ýz a é faktory, jako 

jsou hydrody a i ké a geoter i ké po ěry a lokalitě, vliv heterogenity 

hor i o ý h a teplot í h para etrů, z ě a itř í h a ější h okrajo ý h 

pod í ek, dota e a od ěry podze í ody, e o elikost přiroze ého tepel ého 

toku )e ě. Bylo pot rze o, že ez aplika e u eri ký h odelů y ne ylo ož é 

o jekti ě še h y faktory zít  ú ahu a ásled ě yprojekto at eko o i ky 

efekti í geoter ál í systé  pro pro oz geoter ál í elektrár y.   

Využitel ost u eri ký h odelů je o še  pří o zá islá a rozsahu a k alitě 

ut ý h stup í h dat. )ej é a  o lasti teplot í h harakteristik hor i o ého 

prostředí je pro ětši u úze í ČR ožst í ěře ý h teplot í h harakteristik 

z ač ě o eze é. V rá i rozhodo á í o y udo á í geoter ál ího systé u a 

aplikaci tepel ý h čerpadel, je ejpr e proto ut o realizo at ýzku  teplot ího pole 

a teplot í h harakteristik  záj o é  úze í. Lze přito  y házet ze zkuše ostí 

z po olo á í jí á í podze í h od pro odohospodářské účely.   

Byl urče  e ergeti ký pote iál a tře h typo ý h lokalitá h. Na pr í lokalitě yl 

po o í u eri ký h odelů proudě í podze í ody a pře osu tepla zhod o e  

e ergeti ký pote iál zatope ý h dolů  již í části plzeňské pá e. Podle ýsledků 

si ula í se jako ej ýhod ější je í od ěr podze í vody z  dolů a po r h, a dále pak 

po o í ý ě íků tepel ý h čerpadel tyto ody yužít k e ergeti ký  účelů . Podle 

ýsledků u eri ký h odelů y ylo ož é sezó ě ode írat až  l.s-1   důl í h od 

o teplotě a .  °C. 
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Na druhé testo a é lokalitě, a úze í BU)S, yl prokázá  ýraz ý li  proudě í 

podze í ody a rozlože í teplot  širší o lasti struktury. ) ě y teplot y ola é 

proudě í  podze í ody edou k poklesu teploty vody až o °C. Dále yly po o í 

u eri ký  odelů sta o e y ej yšší ož é od ěry ter ál í h od, pote iál ě 

yužitel ý h pro e ergeti ké účely. V ej ětší h aglo era í h a úze í BU)S  Ústí 

ad La e  a Děčí ě  y ylo ož é ode írat až  l.s-1 a 44 l.s-1 ter ál í h od, 

přito  y došlo k poklesu jeji h teploty o pouhé °C. Te to pokles y yl přito  

eli e po alý. 

Na třetí testo a é lokalitě yla pot rze a ter i ká akti ita uhel ého od alu Eliška 

v k. ú. Ža léř, která podle ýsledků u eri kého odelu, ekles e, ad házejí í h  

let pod teplotu  °C. To ukazuje a perspekti ost tohoto zají a ého e ergeti kého 

zdroje.  

Jako el i hod ý progra  pro řeše í podo ého typu úloh se os ědčil progra  

MT DMS, který při použití etody a alogie, kterou rozpra o al Thor e a a 

, lze úspěš ě použít i při si ula i proudě í tepla e z od ě ý h hor i o ý h 

systé e h. Určitou e ýhodou tohoto přístupu je, že da ý progra  elze, jak ukázaly 

ýsledky testo á í, yužít při ýraz ý h rozdíle h hustot podze í h od 

pod í ě ý h z láště růste  teploty. Jako ej hod ější se ukazuje yužití  pr í  

kroku ol ě dostup ý progra  MODFLOW při si ula i proudě í podze í ody 

v da é struktuře. V druhé  kroku je pak yužit progra  MT DMS. Vez e e-li 

v ú ahu, že se  pra i při prog óz í h ýpočte h podo ého typu yuží ají zej é a 

a alyti ké ztahy, je tato, v prá i a rže á a o ěře á etoda, yužitel á eje  při 

ěde ké  ýzku u přírod í h tepel ý h polí, ale hla ě při prog óz í h ýpočte h 

projekto a ý h geoter ál í h systé ů a ko krét í h lokalitá h. 
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evaluation of using mine water as a heat source 
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1ProGeo s.r.o., Czech Republic. 
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Abstract 
In 2007 research on possibilities of the using mine water as a heat source started. 

Major research goals were: a) Model evaluation of the heat transfer in the rock 

containing selected mines; b) Model prediction of the temperature change due to 

the heat pump operation.  

Database containing data from abandoned mines covering Czech Republic area 

was created. It contains mine water volumes, chemical parameters and 

temperatures.  

Two types of simulation software were used. For the Plzeňská basin region the 
heat transfer and groundwater flow were calculated using MODFLOW and 

MT3DMS simulation software. Their numerical code is based on the finite 

difference method (FDM). For the Příbram region the FEFLOW code was used. 

FEFLOW numerical code is based on the finite element method (FEM).  

Model results show, that mining water temperature decrease due to the 

groundwater abstraction for the heat pump will be relatively small. Temperature 

decrease originates from the fact, that colder shallow groundwater will inflow 

into mine spaces mixing with the warmer mine water. Time scale of the mine 

water temperature decrease is over several centuries. The temperature conditions 

of the mine water could be very stable. Abandoned mines are supposed to be 

suitable geothermal energy source. 

 

Keywords:  Numerical modeling, FEFLOW, MODFLOW, MT3DMS, abandoned 

mine, mine water, heat pump, geothermal energy.  
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1 Introduction and background 

As mentioned by several authors (Myslil [3], Renz [6]) the geothermal energy is 

one of the most ecologically friendly and economically optimal method of the 

energy production. In a contrast to the other alternative energy resources (wind, 

water, solar) the heat pump installation has minimal influence on the landscape 

character.  Exploitation of geothermal energy from abandoned flooded mines can 

be a very suitable energy source even in the natural protected areas.  Due to the 

mining the extensive fracture systems were developed. These allow the 

groundwater to flow through the relatively impermeable rock formations, where 

groundwater pumping from the installed boreholes would not yield certain 

amount of groundwater.  

In the Czech Republic there are approximately 12 - 15 thousand mining 

localities. Estimated amount of mine water in abandoned and consequently 

flooded mines is 13 - 15 million cubic meters. The project called "The research 

on utilization of energetic potential of mine water from the former mining sites 

in Czech Republic" has started in the year 2007. At the beginning of the research 

project the data about mine workings, their reinsurance, technical parameters, 

hydrogeology conditions and mine water physical and chemical parameters were 

collected. Consequently according to the established criteria two representative 

localities of coal and uranium mines near the Plzeň and Příbram cities were 

chosen (Fig. 1). Important part of the research was to evaluate possibilities of 

numerical modelling of groundwater flow and heat transfer in flooded mines and 

through the use of the models assess the influence of mine water abstraction on 

the regional and local hydro geological regimes and on the temperature field.  

There are several CFD mathematical models (fluent, Flow-3D) which are 

powerful tools for the computing of the temperature field in the fluid 

environment as well as useful tools for simulating local temperature distribution 

in mines and their surroundings. The problem arises when evaluation of the 

influence of groundwater abstraction on the regional hydrogelogical conditions is 

needed. On this regional scale it is necessary to take into account the drainage 

into the streams, infiltration, preferential flow, etc. For our regional scale model 

of the Plzeňska basin programs MODFLOW (Hill, [1]) and MT3DMS (Zheng, 

[11]) were used to simulate groundwater flow and heat transfer. The MT3DMS 

application for heat transport modelling is based on the similarity between the 

Fick and Fourier's Law, describing heat and solute transport (Thorne [10],[11]). 

Unlike in the case of the solute transport, where movement is essentially 

confined to the fluid phases, energy is also transported through the aquifer solids 

by the conduction (controlled by the thermal conductivity of the solids). Hence, 

the new parameters kTfluid and kTsolid are considered in order to distinguish the 

thermal conductivities of the fluid and solid phases. The FEFLOW (Diersh, [3]) 

software was used for regional groundwater flow and heat transport simulation in 

the uranium mine area near the Příbram. In contrast with the MT3DMS software, 

the FEFLOW has been authentically developed for heat simulation, and it has 
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been already used for simulating groundwater flow and heat transfer in mine 

regions by several authors (Rapantova [7], Renz [6]). 
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Figure 1: Study areas - Plzeň basin and Příbram mine workings area 

2 Numerical models application 

2.1 Case Study: Groundwater flow and heat transfer modelling in the south 

part of Plzeňská basin   

Main goals were: a) to verify MT3DMS possibilities for heat transfer and 

groundwater flow simulation; b) to determine the impact of mine water 

abstraction on the local and regional hydrogeological conditions c) to evaluate 

abstracted mine water temperature development during long running operation of 

the heat pump.  

Realized simulations of groundwater flow, heat transfer and their purposes are 

shown in the Table 1. 
Table 1. The simulation variants 

Groundwater flow 

simulations Heat transfer simulations Simulation purpose 

Variant 1: Steady state 

groundwaterflow simulation 

with extraction from mine  
                  ---- 

Hydraulic parameters calibration 

based on comparing observed and 

computed hydraulic heads and 

streams flow rates 
Variant 2: Steady state 

groundwater flow simulation 

without extraction from mines 

Heat transfer simulation without 

grounwater extraction 
Groundwater flow and heat transfer 

simulatons under present conditions  

Variant 3: Steady state 

groundwater flow simulation 

with groundwater extraction of 

20 l/s for heat pump 

Heat transfer simulation - 

grounwater extraction 20 l/s 
Groundwater flow and heat transfer 

prognosis simulation   

Variant 4: Steady state 

groundwater flow simulation 

with groundwater extraction of 

40 l/s for heat pump 

Heat transfer simulation - 

grounwater extraction 40 l/s 
Groundwater flow and heat transfer 

prognosis simulation   

2.1.1 Brief characterization of study area 
Collectors and isolators alternation is characteristic for vertical profile of the 

Plzeňská basin. Basin is formed by kladno, týnec, slaný and líň strata composed 
of sandstones, arkoses, siltstones and claystones sediments. During mine 
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operation significant part of groundwater flow took place in vertical direction.  

Proterozoic strata below the Plzeňská basin sediments are impermeable. 

Hydraulic properties gives Švoma [9]. The average transmissivity of carbon 

collectors to the deep of 150 m is in the range from *10-5 to n*10-4 m2.s-1. The 

bottom layer transmisivity decreases to 9.10-6 m2.s-1. The whole area of Plzeňská 

basin is recharged by the rain infiltration. The collectors are mainly under the 

confined conditions. During operations time the groundwater abstraction of 

tenths liters existed from every bigger mine. Piezometric head in the basin 

dropped, resulting into zero groundwater drainage into many reaches of local 

streams. 

2.1.2 Groundwater flow simulations 
The model area of the Plzenska basin is discretized by the rectangular mesh. The 

size of every model cell is 200 x 200 m. In the vertical direction carbon 

sediments are divided into 5 layers. Top of the first layer represent surface and 

the bottom of the fifth layer corresponds with Plzeňská basin bottom. The 

Cauchy boundary condition was selected to simulate drainage in to the surface 

streams. Neumann boundary condition has been used for abstraction wells and 

recharge simulation. The infiltration rate is set up in the range between 0.6 – 2.0 

ls-1km-2 with dependency on surface cover and altitude. Abstraction rates depend 

on actual model variant.  The model calibration was carried out comparing 

model and meassured groundwater levels and comparing simulated and 

evaluated stream drainage.  

2.1.3 Groundwater flow simulations results  
Variant 2 describes actual flow condition after all mines are abandoned and 

flooded. Without mine pumping, the piezometric heads change only slightly in 

the vertical. Fresh groundwater circulation exists only near the ground surface. 

At the bottom of the basin the groundwater flow is negligible.   

Two different groundwater extractions (25 and 40 l/s) were simulated to mimic 

heat pump operation. It allowed us to analyze: a) the regional and local hydraulic 

impact with respect to the pumped amount; b) temperature field deformation 

with respect to the pumping amount. The groundwater abstraction occurs in the 

4th model layer containing mine galleries. Hydraulic effect of the mine space is 

simulated via extreemly high hydraulic conductivity values. Under this setup, the 

hydraulic depression occures preferentially in the mine space. Mine water 

preferentially flows to the abstraction place. The model results can be summed 

up into several points bellow:   piezometric head in the interconnected mine space is almost the same,   steep piezometric gradient (Fig. 2) is taking place in the rock environment 

without mine space,  higher mine water abstraction for the heat pump will cause piezometric head 

drawdown  about of 160 m ( Fig. 2).  
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Figure 2: Variant 4 - simulated groundwater drawdown (in metres) caused by 40 l/s 

groundwater abstraction for heat pump  

2.1.4 Heat transfer simulations  
Heat transfer numerical modelling requires special sets of input information like 

the initial groundwater temperature, thermal conductivity and capacity, terrestrial 

heat flow across the basin bottom, etc. In the Czech Republic there has not been 

stressed the measuring of those yet,  hence in the most cases  the parameter 

values had to established from tabular data. 

Finally the model thermal conductivity was set 1.96 W.m-1.°C-1 for  first layer 

and 2.12 W.m-1.°C-1 for second to fifth model layer. While keeping a fixed 

temperature of ř.5 °C at the top model layer, a constant heat flux of 60 mW.m-2 

was defined for the bottom layer. Under this condition without mine water 

extraction the initial conditions were computed for variant 3 and 4. According to 

the model results highest temperature occurs in the fifth model layer ( Fig. 3).  

 

 
Figure 3:  Variant 2 - simulated vertical temperature and piezometric heads 

distribution  
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The highest bottom layer temperature (almost 20 °C) coincides with the highest 

vertical thickness of saturated rock. The average groundwater temperature in the 

bottom layer equals 18.73 °C. The average difference in temperature between the 

1st. and 5th. layer is ř.23 °C. In the Nová Hospoda (extraction place for heat 

pump) the temperature gradient 1°C/ 35 meters exists.   

Mine water extraction for the heat pump will accelerate groundwater inflow into 

the mine spaces (Fig. 4). 

 

 
Figure 4:  :  Variant 3 - simulated vertical temperature and piezometric heads 

distribution 

 

Downward groundwater flow gradient is established. Cooler groundwater from 

near the surface flows into the mine. The temperature field is altered and in the 

areas where the flow direction was changed the decrease of groundwater and 

rock temperature can be examined. Affected area with temperature drop is 5 km2 

or 8 km2, depending on the heat pump mine water extraction (20 or 40 l/s). 

Predicted and stabilized temperature decrease for 20 l/s or 40 l/s extraction rates 

are in range 0 - 1°C or 0 - 2 °C (Fig 4) . 
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Figure  5: Variant 3,4 - Simulated groundwater temperature change in the extraction 

place  
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2.2 Case study: : Groundwater flow and heat transfer modelling in the 

Příbram region 

Simulation goals were: a) to set and calibrate regional groundwater flow and heat 

transfer model; b) to determinate thermo - dynamical and hydraulic regimes 

affection by the mine workings; c) to evaluate affection of present hydraulic 

regime by the groundwater abstraction for heat pump; d) verification of 

FEFLOW code possibilities to simulate heat and groundwater flow in the rock 

with the abandoned uranium mine. 

 
Table 2. Model variants and purposes  

Groundwater flow and heat transfer simulation 

variant 
Simulation purpose 

Variant 1:staedy state simulation while conditions 

affected by mining and mine water abstraction – 

present time 

Model calibration based on comparing hydraulic head, 

simulation of hydrogeologycal condition after fllooded 

mines - present time 
Variant 2: staedy state simulation while conditon 

unafected by mining 

Simulation of supposed state befor mining was started 

(ideal historical state) 

Variant 3: staedy state simulation while mine water 

abstraction for heat pump (25 l/s) from colliery 

Marie  

Groundwater flow and heat transfer prognosis simulation, 

affected temperature fiel by groundwater abstraction   

Variant 4: steady state simulation while mine water 

abstraction for heat pump (25 l/s) from colliery 15 
Groundwater flow and heat transfer prognosis 

simulation, affected temperature field by groundwater 

abstraction 

2.2.1 Brief characterization of  the study area 
The underground exploitation of the polymetallic deposit started at the 14th 

century. In the 20th century uranium ore was the only exploited mineral. In 1991 

all the mining works stopped. Groundwater flows primarily in the areas close to 

the surface or through fracture system reaching also the depth of uranium mine. 

The phreatic groundwater level is mostly conform to the ground surface. 

Hydraulic conductivities vary over 4 orders of magnitude. 
 

Table 3: Horizontal conductivity range 
litologicko-stratifrafický typ max. k (m/s) min. k (m/s) 

Cambrian shale and agglomerate 5.00E-06 5.41E-10 

Nonproteozoic shale and wacke 2.50E-06 2.70E-10 

Varis granitoids 5.00E-07 5.41E-11 

Bazalts and metabazalts 2.50E-06 2.70E-10 

2.2.2 Groundwater flow simulations setup 
Irregular triangle mesh, build up from 39 065 linear elements, covers the 

regional model area. In the vertical direction the rock environment is divided into 

the 13 model layers. The first model layer is near the terrain. Bottom of the 

model is 1400 m b.s.l. The drainage / infiltration in /out of the streams was set by 

Newton boundary condition (fourth kind) where the flux across the boundary 

depends on a  piezometric head in each compute node. Constant flux (Neumann 

boundary condition) of intensity 2-7 l/s/km2 was set up at the top of the model, 

representing rain infiltration. Remaining model boundaries have zero flux 

defined across them. Mine water extraction for the heat pump is simulated using 

multi-layer well method. It is supposed that the fracture permeability decrease 
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with the depths in the model. The area affected by mining activities is 

represented by higher hydraulic conductivity and porosity zones in the model. 

Hydraulic conductivity estimation of the elements representing mine space was a 

significant part of the model calibration.  

2.2.3 Groundwater flow simulations results 
Model calibration was carried out simulating the variant 1 (Table 2). We had 

enough piezometric heads, temperatures and mine inflow data from time of mine 

operation. Regional groundwater flow take place mostly in the West - East 

direction - from the central spine of Brdy upland to the Vltava river (Fig. 6).  

According to model results mine areas act as preferential pathways for 

groundwater flow.     

 

   
Figure 6: Variant 1 - Simulated groundwater levels (fifth model slice)  

2.2.4  Heat transfer simulation description and results 

Natural temperature field of the model domain (variant 2) was simulated having: 

bottom constant heat flux 50 mW.m-2; first model layer at constant temperature 

10°C; zero heat flux across remaining boundaries; thermal conductivity in the 

range of 2 - 3 W.m-1.K-1; the specific heat capacity in the range of 2600 - 3000 

J.kg-1.K-1. The groundwater temperature raises fluently from the surface down to 

the model bottom (- 1400 m a. s. l.), where the temperature values are in a range 

of 35 - 42 °C. These values are in the satisfactory agreement with measured mine 

water temperature from the deepest colliery. 
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 At present time (variant 1) the lowest temperature in the bottom layer is in the  

model domain between the colliery 16 and 19 in the place with groundwater 

extraction (Fig. 7). The amount of groundwater flowing from surface to the 

model bottom has risen and the flow has become deeper comparing to situation 

without mines. The colder water flow from upper layers is  mixing with the 

warmer water at the mine attitude causing the decrease of  saturated rock 

temperature. Former mine water abstraction during mine operation period and 

present mine water abstraction for cleaning purposes causes rock with mine 

become colder. 

 

 
Figure 7: Variant 1- Simulated horizontal temperature distribution  

 

The groundwater abstraction 25 l/s for heat pump is taking a place in colliery 

Marie in variant 3 or in colliery 15 for variant 4. The final  vertical temperature 

field distribution for variant 4 is presented in Figure 8.  

The groundwater abstraction was simulated via multi-layer well method in the 

depth 50 to - l00 m a. s. l from layers 7, 8 and 9. The groundwater flow 

abstraction was also simulated via multi-layer well method. But in this case not 

in the whole vertical line in colliery 15 (like in variant 3) but only in three layers 

(7, 8, 9) in order to test possibilities of simulating concrete deep of abstraction 

and to define effect of perforated intervals of abstraction system in the colliery. 

Model results show a slight temperature increase in the colliery under the 

abstraction place (Fig. 9, b). In the deeper colliery part below abstraction depth 

upward groundwater flow is activated.  

The abstraction place and upper colliery part become colder. Downward 

groundwater flow exists (Figure 9, a) .  
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Figure 8: Variant 4 - Simulated vertical temperature distribution 

 

 
 

 

 

 

                 
 

Figure 9: Variant 4 -  Simulated temperature changes around the abstracted place in 

8th (a) and 12th (b) model slice - comparison with the variant 1   
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3 Discussion 

This paper presents two different approaches to regional groundwater flow and 

heat transport simulation in the rock with abandoned mines. In the first approach 

the MODFLOW (Hill,  [1]) and MT3DMS (Zheng, [10]) software was used. In 

the second approach the FEFLOW (Dirch, [2]) software was used.  

Resulting experience can be summarized in the several points: a) Even if heat 

from the mine water is extracted outside the rock (the heat exchanger is not 

placed directly to the flooded mines) , mine water abstraction for the heat pump 

will cause rock and pumped water become colder; b) with MT3DMS it is not 

possible to take into account temperature and chemistry dependence of 

groundwater flow resulting into the density dependent flow. Because of forced  

mine water circulation due to the mine water abstraction these effect could be 

omitted; c) Of key importance is model mine space hydraulics representation. In 

both, MT3DMS and FEFLOW simulation, mine space hydraulics representation 

is only approximation. Mine water velocity pattern is of key importance in 

transport calculation. So the model prediction of the temperature decrease 

undergoes some uncertainty. d) Much bigger uncertainty is connected with the 

fact, that values of terrestrial heat flow, rock thermal conductivity and capacity 

are often missing. Much more survey on this topic should be performed; e)  

Certain problems with using mine water could be connected with the fact, that 

the mine water is usually highly mineralized. Incrustation in the heat pump 

exchanger is anticipated. 

4  Conclusion 

Flooded mines could serve as water source for heat pumps even in a low 

permeable formations. Up to this advantage mines are supposed to be 

temperature stable source. Model predicted mine water temperature changes are 

relatively small. The time scale of the temperature change exceeds human life.  

Some disadvantages and limitations of the chosen modelling approaches were 

found. In further studies, while simulating heat exchanger in the mine space, we 

want to use SEAWAT (Langevin [3]) model, which allows to take  into account 

density depend flow. Another improvement could be attain with CPF 

MODFLOW module (Shoemaker, [7]). It enables turbulent or laminar 

groundwater flow simulation.  

Model application allows us to evaluate heat pump hydraulic and temperature 

influence. The biggest source of uncertainty is connected with the lack of  rock 

thermal properties data. 
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Abstract A Czech Republic Ministry of Industry and

Trade grant (project 2A-2TP1/055) encourages the use of

abandoned mines as geothermal energy sources. Mathe-

matical models are being used to evaluate the thermal

energy potential. This paper discusses approaches and

limitations of using the MT3D code, which is well known

as a groundwater solute transport model, for geothermal

energy balance calculations. Results showing the potential

for geothermal energy abstraction from the abandoned

and flooded Krimich II underground coal mine are

demonstrated.

Keywords Mine structures � Thermal energy � Thermal

flux � Mine water flow � Heat pump � Czech Republic

Introduction

After 1989, economic losses forced mines in the Czech

Republic to be abandoned, including many underground

coal mines. Demolition and reclamation work began during

this period but was costly. Use of underground mine water

in geothermal heat pumps can be extremely cost effective,

particularly at mines where the water is already being

pumped and treated (Watzlaf and Ackman 2006). Peters

(1992) described two basic alternatives designs to collect

geothermal energy from mine sites:

1. Heat pump exchangers can be installed directly in the

flooded parts of mine structures. The thermal energy is

collected from the mine water using a mechanism of

conductive conversion through the sheathing of the

heat exchanger to a non-freezing fluid in the heat

exchanger internal conduits. The limiting factor of

these closed-loop systems is the surface area of the

heat exchanger, which is dependent on the cross

sectional area of the linear component of the heat

exchanger and on its length. The technical design is

similar to that of water/water heat pumps with a heat

exchanger situated in a lake reservoir. The thermal

energy is collected directly in the flooded areas of the

mine, where the cooling results. The basic benefit of

this approach is that build-up of mineral precipitates on

the heat exchanger and discharges of mine water are

avoided.

2. Alternatively, heat pump exchangers can be installed

in boiler plants on the ground surface. Thermal energy

is collected by them from mine water pumped from the

underground system. In these open-loop systems, the

changes in the direction of the groundwater flow cools

the mine structure because mine water temperature is

lowered by inflow of cooler shallow groundwater. The

basic benefit is that these systems can be easily

accessed and maintained.

The amount of geothermal energy produced depends on

which of these two technical alternatives is used. In both

alternatives, temperature decreases in the mine water and

the surrounding water-saturated rock mass.

To evaluate the thermal energy potential of a flooded

mine, many aspects need to be considered, including

groundwater flow, mine water pumping, rock and water

thermal characteristics, initial temperature field, and ter-

restrial heat flow. Mathematical models, such as those that

implement the semi-analytical solution of Rodrı́guez and
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PROGEO, s.r.o., Tiché údolı́ 113, Roztoky u Prahy 25263,

Czech Republic
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Dı́az (2009) and the numerical model used by Raymond

et al. (2011), are used to assess the complex thermal energy

balance of the flooded underground mine. These types of

models rely on input data descriptive of the hydraulic and

thermal properties of the water and water saturated rock in

the flooded mine.

Input Data for the Simulations and Its Variability

Mathematical modelling of heat transfer in the rock mass

requires a description of two basic mechanisms:

• Conduction: thermal energy transfer due to the thermal

gradient of the saturated rock environment

• Convection: thermal energy transfer due to groundwa-

ter flow

Heat transfer in a saturated porous rock, including local

sources/sinks of thermal energy, is described by a second

order partial differential equation, which is based on the

conservation of energy (Clauser 2003):

rðkrT � qf cfTqÞ ¼
oT

ot
ðnpf cf þ ð1� nÞqscsÞ � H ð1Þ

The left side of Eq. 1 describes the spatial change of the

conductive and convective heat transfer. The right side

describes the speed of the change in the quantity of thermal

energy contained in the groundwater and in the rock

matrix. To simulate the heat transfer, it is necessary to

develop a three-dimensional interpretation of the

parameters contained in Eq. 1 including:

1. Darcy flux, q (m/s),

2. Thermal conductivity of the saturated rock environ-

ment, k (Js-1 m-1 K-1),

3. Density of the water, qf,

4. Density of the rock matrix, qs (kg/m),

5. Specific thermal capacity of water, cf,

6. Specific thermal capacity of rock matrix, cs
7. Time, t,

8. Starting distribution of temperature, T (�K),

9. Porosity of the rock mass, n (-), and the

10. Intensity of sources or sinks of thermal energy,

H (J/s/m3).

A mathematical groundwater flow model is usually used

to specify Darcy flux in the model domain. In the general

mathematical description of groundwater flow, the kine-

matic viscosity and density of water depend on the tem-

perature and concentration of total dissolved solids (Weast

et al. 1989). Under specific conditions, temperature dif-

ferences may fully determine the groundwater flow pattern.

The relationship between kinematic and dynamic viscosity

of water is defined as:

m ¼
l

qf
ð2Þ

where m is the kinematic viscosity of water (m2/s), qf is the

density of the water (kg/m3), and l is the dynamic viscosity

of water (N s/m2
= kg/m/s). Water viscosity declines

(Table 1) with increasing temperature (Weast et al.

1989). According to Rowe (2001), the relationship

between hydraulic conductivity K (m/s) and permeability

k (m2) of the rock matrix is defined by:

K ¼ k
qsg

l
¼ k

g

m
ð3Þ

Given the differences in viscosity between groundwater

with temperatures between 10 and 40 �C (Table 1), the

hydraulic conductivity for groundwater of 40 �C is

approximately double that of 10 �C. With the same gra-

dient, the rock will transfer twice the volume of ground-

water with a temperature of 40 �C compared to the volume

of groundwater with a temperature of 10 �C.

Density also affects the potential for groundwater flow.

The highest density of water occurs at 3.98 �C (red point in

Fig. 1). Over the range of 100 �C (Fig. 2), water density

will drop by approximately 4 % as the temperature rises.

The problem of density dependent flow is explained in

more detail by Ondovčin and Mls (2007).

Directions of groundwater flow through the open space

of a mine being pumped are determined by the position of

the extraction point and by the geometric configuration of

the mine. The elevation of the terrain at the infiltration

areas and the permeability of the rock surrounding the body

of the mine are the most important features controlling the

volume of groundwater that can be extracted.

At some sites, the influence of temperature and chemical

compounds on the groundwater potentials are negligible

compared to the potential energy due to the elevation dif-

ferences between infiltration and drainage areas of the

geological structures containing the flooded mines. In these

localities, groundwater chemistry and temperature contri-

bution to the groundwater potential can be ignored.

The thermal conductivity of water rises only slightly

with temperature (Fig. 2). With respect to the uncertainty of

the absolute values of the thermal characteristics of the

saturated rock mass, the water thermal conductivity is one

of the more precise data inputs to mathematical models. The

temperature dependency of groundwater thermal conduc-

tivity can be omitted in situations where groundwater

temperature undergoes changes of only a few degrees.

Heat conduction is described using Fourier’s Law

(Beardsmore and Cull 2001):

qT ¼ �krT ð4Þ

Conductive thermal energy flux qT (J/s/m2
= W/m2)

is defined as the product of the thermal conductivity
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coefficient of the rock k (W/m/�C) and the negative

thermal gradient rT (K):

qT ¼ qf cfTq ð5Þ

Convective thermal energy flux is defined as the product of

Darcy flow q (m/s), groundwater temperature T (�C),

density qf (kg/m
3), and the specific thermal capacity cf

(kg/m3) (Haenel et al. 1981).

The thermal conductivity coefficient (k), together with

the specific thermal capacity c, represent the thermal

characteristics of the saturated rock environment. In the

general description of heat transfer, both these attributes

depend on temperature (Fig. 3). The relationship between

the temperature and the energy contained in a unit of the

substance is defined using the specific thermal capacity, c:

c ¼
dQ

mdT
ð6Þ

The specific thermal capacity, c (J/kg/�C), defines the

quantity of thermal energy dQ (J) that must be added or

extracted to achieve a temperature change by one degree

K in the unit quantity (kg) of material (Beardsmore and

Cull 2001).

The arrangement of the pore space, the presence of air or

water in the pores, and especially the mineralogical com-

position of the rock matrix are all key factors that affect the

thermal conductivity of the rock environment. Macro- and

micro-scale anisotropy depends on fracture and fissure

direction, stratification, and foliation as well as crystal

orientation (Čermák and Rybach 1982). Čermák and

Rybach (1982), Birch (1942), and Horai (1971) have reported

data for k and c of rock minerals and basic rock types. The

specific thermal capacity of saturated rock typically lies in

the interval 0.9 to 1.3 kJ/kg/�C. The thermal conductivity

of saturated rock, the given thermal conductivity of water,

and the conductivity of common minerals are typically in

the interval of 1–5 W/m/�C. The determination of thermal

conductivity in laboratory conditions is a common and well

described method (Popov et al. 1999).

However, thermal conductivity data obtained from lab-

oratory measurements can only be used in part for math-

ematical modelling of heat transfer. One of the biggest

issues is developing a method to scale laboratory data to

the much larger field scale of the regional mathematical

model representing the hydrogeological structure of a

mine. We find it most practical to evaluate the thermal

conductivity of a rock mass using temperature data mea-

sured in the field. One of the methods commonly used to

determine the thermal conductivity of rock masses is to

assess the thermal gradient of vertical bores using Eq. 4.

This approach, though, has certain limitations because the

thermal conductivity evaluation completely neglects the

effect of the convective thermal energy flow on the thermal

gradient is typically addressed by selecting bores without

moving groundwater. A precise determination of thermal

conductivity coefficient relies on a precise knowledge of

the terrestrial heat flow (Fig. 3), but this condition is only

rarely met as Eq. 4 tends to be used simultaneously to

determine the terrestrial heat flow based on the accepted

Table 1 Dynamic and kinematic viscosity (Weast et al. 1989)

Temperature

(�C)

Dynamic viscosity

(10-3 Pas-1)

Kinematic viscosity

(10-6 m2/s)

0 1.787 1.787

5 1.519 1.519

10 1.307 1.307

20 1.002 1.004

30 0.798 0.801

40 0.653 0.658

50 0.547 0.553

60 0.467 0.475

70 0.404 0.413

80 0.355 0.365

90 0.315 0.326

100 0.282 0.294

Fig. 1 Relationship of water density and temperature (Rumford and

Brown 1969)

Fig. 2 Changes in the thermal conductivity of water depending on

temperature (www.engineeringtoolbox.com)
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assumptions of thermal conductivity of a set of layers

penetrated by a vertical bore where the temperature profile

is a known quantity. Without knowledge of the vertical

temperature profile, a terrestrial heat flux can be derived

from maps (Fig. 3) for the purpose of mathematical

modelling.

Conceptual Approach to Modelling the Thermal

Energy Potential of the Krimich II Mine

The approach for evaluating the thermal potential of Kri-

mich II mine involved two components. First, a regional

groundwater flow model representing the southern part of

the Plzenska basin with the flooded mine was developed

using MODFLOW2000. Model simulations were used to

calculate the groundwater flow field in the surveyed

hydraulic structure under conditions of pumping and no

pumping. Second, the thermal energy balance was simu-

lated using MT3D.

The pits and mine corridors represent a specific

hydraulic system, which are extremely hydraulically con-

ductive compared to the surrounding rock mass. For the

mathematical description of groundwater flow in flooded

pits and corridors, equations developed for the pressure (or

free) flow in pipes or river beds work best. Traditional

Darcy-type hydraulic models, such as MODFLOW, can

achieve a reasonable match between measured values and

the model only as far as groundwater balance is concerned.

The calculation of the flow velocity and the speed of

transport of the dissolved substances and heat through the

pits will always be only an approximation. A new type of

simulation software, which allow one to populate a com-

puting grid with elements with non-Darcy equations of

water flow may provide an improved simulation approach

(Rapantová et al. 2007). FEFLOW is a typical example of

the new type of software (Rentz et al. 2009). The CFP

module for MODFLOW 2005 was recently developed to

allow accommodation of flow conduits with non-Darcy-

type flow (Shoemaker et al. 2008).

The effects of mine structures on groundwater flow are

not limited to the mine area. As a result of reduced loading

of the rock mass in an underground mine, the surrounding

unmined rock develops a system of fractures. Mathematical

models that rely on Darcy flow to characterise mine

structures typically use highly increased hydraulic con-

ductivity values in the elements representing flooded mine

space and much lower hydraulic conductivities for the

surrounding rock mass.

A simulation of temperature drawdown produced by a

heat exchanger situated in the mine space requires a detailed

description of the groundwater flow in both the under-

ground mine system and the surrounding hydrogeological

structures. To achieve reliable groundwater flow balance,

the model domain usually covers the whole hydrogeologi-

cal system from infiltration areas to the drainage areas. The

amount of water flowing through the mine conduit systems

depends on properties of the hydraulic system outside of the

mine space.

The simulation of thermal energy transport in the rock

mass containing the mine structures is based on a calcu-

lation of the energy balance of the model domain. Under

the natural condition before mine operation, the terrestrial

thermal flow is the only source of thermal energy at the

Fig. 3 Isolines of terrestrial heat flow density (m Wm-2) in the Europe (www.geni.org) and in the territory of the Czech Republic (Blažková

2011)
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depth of the mine. Under natural conditions, the surface

represents the area of geothermal energy dissipation. All

thermal energy collected from the sun plus geothermal

energy coming from terrestrial heat flux is dissipated into

the atmosphere at a rate dependent on the daily, annual,

and multi-annual development of atmosphere temperatures.

Groundwater flow redistributes the terrestrial heat flux

from infiltration areas into the drainage areas. The surface

may potentially become one of the sources of thermal

energy collected by the mine heat pump exchangers only

when the temperature of the rock mass is permanently

reduced below the average temperature of the surface. In

our simulations of Krimich II thermal energy balance, we

omitted the daily, annual, and multi-annual fluctuations of

temperature at a depth of several meters below the surface

level. In the first model layer, which represents the satu-

rated layer just below the surface, a constant temperature of

9.5 �C (1st type boundary condition) was used based on the

average temperature of air in the area of the mine. The

terrestrial thermal flow was simulated using a boundary

condition of qT = 60 mW/m2 for all cells of the basal

model layer (2nd type boundary condition). When input-

ting data of terrestrial heat flow, we used the map on Fig. 3

to develop representative values.

A heat pump efficiency evaluation was carried out for

both scenarios of the technological setup (Table 2) using

the following methodology:

1. The hydraulic model calibration was carried out

simulating mine operation and its flooding using

steady-state and unsteady simulation.

2. The present groundwater flow (representing stable

conditions after the Krimich II mine was flooded) and

steady-state thermal energy transport in the Plzenska

basin hydrogeological structure were simulated; results

are used as a reference for subsequent evaluation of the

heat pump operation.

3. The temperature drawdown in the rock mass was

calculated for long-term pumping of mine water for a

surface heat pump (Scenario A).

4. The temperature drawdown associated with long-term

use of a heat pump exchanger energy collection system

was calculated (Scenario B). The model mesh was

stiffened in the vicinity of the heat pump.

Generally, the energy produced by the heat pump

exchanger (Scenario B) could be simulated by assuming

2nd or 1st type boundary conditions as long as the model

grid approximated the dimensions of the heat exchanger.

The simulated thermal energy abstraction is approximate

using the 2nd type boundary condition; the long-term

output of the heat pump must be quantified before the start

of simulation as a discounted value of the theoretical initial

maximum energy uptake.

To estimate the heat pump thermal energy output, the

bottleneck in the technical design must be analysed. Eq. 4

is used to quantify the initial maximum achievable energy

output, factoring in the temperature difference between the

mine water and the inner circuit of the heat pump

exchanger, the exchanger area, and the thermal conduc-

tivity of the material of the exchanger. The mine water

temperature is the only unknown quantity. The initial

temperature of the mine water can be determined by tem-

perature measurement, or approximated from archival

records of mine water temperatures or by simulating an

unaffected temperature field. The heat pump operation will,

however, reduce the temperature of the mine water near the

exchanger, causing the output of the heat pump to decline.

The rate of this decline depends on many factors, key

among them being the velocity of the groundwater flowing

through the mine space that contains the heat pump

exchanger. In the case of high groundwater flow in the

vicinity of the heat pump exchanger, the mine water tem-

perature will remain close to its initial value, and the

thermal output of the heat pump will not significantly

decrease during heat pump operation. However, the ther-

mal output of the heat pump may decrease significantly due

to mine water temperature drawdown, especially when

groundwater flow is minimal.

Simulating Scenario A is easier because boundary con-

ditions representing thermal energy collection does not

have to be specified. In the model simulations, the thermal

characteristics of the rock mass are defined using the specific

thermal capacity c (W/m/�C) parameter in combination with

the thermal conductivity of the rock mass, k (W/m/�C).

The thermal conductivity of the rock mass depends on the

lithologic rock type. This parameter mainly depends on the

distribution of pores and fractures and on the relative

abundance of the major rock-forming minerals (quartz,

calcite, and clay minerals). From a lithological point of

view, Permocarbon sediments in the Pilsen Basin are

formed by alternating arkoses, siltstone, and claystone.

Basic Information on the Model Location

The southern part of the Pilsen basin is shown in Fig. 4.

The basin is located in the western part of the Czech

Republic, close to the city of Pilsen. Coal was excavated

from the Kladno strata (Fig. 5). Table 3 gives the depths of

selected mines. Figure 6 depicts the south part of Plzenska

basin in more detail, including location of some coal mines.

Coal mining in the Plzenska basin started in the nineteenth

century. Several mines, about 80 m deep, were con-

structed. During the twentieth century, new mines were

built and existing mines were deepened. The Krimich II

mine, situated 360 m below the surface, was one of the
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deepest mines in the region. Its corridors occupied an area

of approximately 4 km2.

The Krimich II mine corridors are depicted in more

detail in Fig. 6. Krimich II and Ziegler were the last

abandoned coal mines in the locality; they stopped pump-

ing in 1995. The subsequent increase in groundwater ele-

vation is shown in Fig. 7.

The Plzenska basin structure is characterised vertically

by alternating conductive and aquitard units. The sediments

in the Pilsen Basin include limestone, arkoses, siltstone,

and claystone arranged in the Kladno complex, Týn, Slaný,

and Lı́ň strata (Fig. 5). The Kladno strata, which consist of

permeable psammites that alternate with impermeable

pelites, contains several sub-aquifers and aquitards. Per-

meability changes both horizontally and vertically, mainly

due to lithological development, tectonics, and mining

activities. The Týn strata has a lower permeability than the

Kladno strata because of kaolin arkoses weathering. The

Slaný unit is the least permeable strata complex of carbon

sediments in the Pilsen basin. Water-bearing aquifers occur

only in the arkoses, which are highly variable in size and

relatively thin. The Lı́ň strata is preserved only in foun-

dered blocks and in small tectonic denudation remnants.

The permeability of the sandy sediment is high, but their

facial variability and small area extent prevents the Lı́ň

strata from being a major aquifer. The Proterozoic sub-

grade of the basin is relatively impermeable compared to

the basin strata.

A hydrological analysis of the 251 km2 southern region

of the Pilsen Basin was carried out. An average ground-

water discharge of 67 mm/y was estimated. Rainfall infil-

trates the whole area of the basin at approximately the

same rate. An inflow inventory into the mine structures at

the time of mining exists (Table 3). We had little infor-

mation on mine water temperatures for most of the mines

except for the Ziegler mine, where we measured a tem-

perature of 12 �C at a depth of 100 m.

Groundwater Flow Model

A regional groundwater flow model was designed for the

southern part of the Pilsen Basin using MODFLOW2000.

This approach allowed us to calculate mine operation, its

flooding, present hydraulic condition, and heat pump

operation without needing to change the boundary condi-

tion that represented groundwater inflow into the model

domain. The model domain boundary is identical with the

hydrological divide. A zero flux boundary condition was

set for the edges of the domain. On the horizontal level, the

Table 2 Model scenarios

Scenario Scenario description Heat exchanger boundary condition

representation in the flow model

Heat exchanger boundary condition

representation in the thermal model

A Heat exchanger in the technical

sections of boiler plants

2nd Type boundary condition

representing the amount of pumped

water

B Heat pump condensers installed

directly in the flooded parts

of mine

First type boundary condition representing the average

temperature of water surrounding heat exchanger

Second type boundary condition representing the

thermal energy depletion

Fig. 4 Location of the south

part of the Pilsen basin
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model mesh consisted of square elements measuring 200 m

with totals of 97 rows and 140 columns. In the vertical

direction, the model domain was divided into five layers.

The base of the first model layer has a variable elevation

and was specified to be halfway between the fictitious level

of interconnecting rivers and the base of the second model

layer. The bottom of the second, third, and fourth model

layer were horizontal and arranged at elevations of 200,

100, and 0 m. The bottom of the fifth model layer was

equivalent to the deepest level of basin sediments. The

active model area was made the same for all model layers

to facilitate heat transport simulation (Fig. 8).

The discretization described above was used to simulate

Scenario A, in which the groundwater abstraction for a heat

pump situated at the ground surface was considered. For

the Scenario B simulation, 20 model layers with an

equivalent hydraulic effect to that of the original layer was

substituted for the fourth model layer mine structures. In

the horizontal plane, the detail of the model mesh was

increased by adding elements with a minimum base size of

6 m in the Krimich II mine area.

The following hydraulic conditions were simulated to

obtain calibrated model and flow results for the heat

transport simulations:

1. Operation of mines Ziegler, Likona and Krimich II

(calibration purposes),

2. Flooding of mines Ziegler, Likona and Krimich II

(calibration purposes),

3. Present groundwater flow in the Plzenska basin with

flooded mines,

4. Mine water pumping of 20 Ls-1 into surface heat

exchangers (Scenario A).

The only source of groundwater in the model domain is

rain infiltration, which enters the first model layer at a rate

of 2 L/s/km2. Rain infiltration was simulated using a 2nd

type boundary condition entered in the MODFLOW

recharge package. The groundwater drainage into rivers

was simulated using a 3rd type boundary condition entered

in the MODFLOW river package. Mine operation was

simulated using both 2nd and 3rd type boundary condi-

tions. Pumping from the Ziegler and Likona mines was

entered as a 2nd type boundary condition in the MOD-

FLOW well module. Pumping from the Krimich II mine

was simulated by entering a 3rd type boundary condition

into the MODFLOW drain package; the head specified in

Fig. 5 Geological crosscut for the south part of Pilsen basin A–A0and B–B0 (crosscuts depicted on Fig. 6); vertical axis is multiplied by 5

Table 3 Depth and inflow rates to the mines

Mine name Average mine

workings depth (m)

Mine inflow

(L/s)

Dobré Štěstı́ 230 34, max. 207

Důl Obránců Mı́ru 810 12

Důl v Týnci 420 25.5

Důl Sulkov 230 53–65

Pom.důl Sulkov 485 80–110

Krimich I 229 40

Krimich II—Nová Hospoda 362 50–60
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the boundary condition was set as being equal to the ele-

vation of the mine corridors. The locations of the Ziegler

and Likona and Krimich II mines and corridors are

depicted in Fig. 6.

The average transmissivity of carbon sediments to a

depth of 150 m ranges from 10-5 to 10-4 m2/s. Trans-

missivity values up to 9 9 10-6 m2/s were determined for

greater depths. The hydraulic conductivity of carbon sed-

iments usually ranged from 10-7 to 10-9 m/s (Švoma et al.

1970). These data were used to derive initial hydraulic

conductivities of the model domain. The hydraulic con-

ductivity was further calibrated by minimising differences

between measured and simulated groundwater levels and

by minimising differences between simulated groundwater

inflow and measurements made while the Krimich II mine

was being operated.

Our model simulations of conductive and convective

heat transfer indicate that temperature changes would

generally be less than 10 �C. Therefore, the hydraulic

conductivity of the rock, as evaluated in pump tests for

specific groundwater temperatures, is applicable for the

whole period of simulations and does not need to be

modified throughout.

The water balance shown in Fig. 9 illustrates the vertical

exchange of groundwater between individual model layers

based on simulation results. Pumping of mine water from

the Ziegler, Likona, and Krimich II mines intensified the

vertical component of groundwater flow significantly.

Vertical groundwater flow decreased substantially after the

mines were flooded.

The model predicts that groundwater pumping would

causes a preferential propagation of hydraulic depression

along the mine corridors (Fig. 10). The piezometric head

Fig. 6 Demarcation of the basin, location of mines and crosscuts lines for geological profiles

Fig. 7 Groundwater level in the flooded mines
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would be almost the same alongside the mine corridors

unless cave-ins have destroyed the continuity of the

workings. The only change of hydraulic head in the flooded

mine corridors would be caused by friction, which would

be minimal at steady nonturbulent flow.

Heat Flux Model

The heat flux was calculated using MT3DMS (Zheng and

Wang 1998). The theoretical foundation of using this

software for heat flux calculations and its limitations are

explained by Langevin et al. (2008). The MT3DMS code

was customised for the transport calculation based on

MODFLOW results. The following simplifications were

implemented in the simulations:

1. The piezometric head contribution of temperature and

water chemistry was assumed to be negligible compared

to the contribution of gravity forces affecting ground-

water flow under both pumped and flooded conditions.

The temperature difference between the groundwater

surface and the basal part of the Plzenska basin does not

exceed 12 �C. The heat transport model and groundwa-

ter flux model could have been run separately.

2. The thermal conductivity and capacity of the saturated

rock was constant within the simulated temperature

interval 9.5–22.5 �C. This simplification is convenient

due to the small temperature range.

3. The groundwater and the rock matrix are in thermo-

dynamic balance. The rate of the groundwater tem-

perature change is much lower than the rate of thermal

exchange between rock matrix and groundwater.

Fig. 8 Geometrical model of the south part of Pilsen basin. Green line defines active model area with groundwater and heat flux calculation

Fig. 9 Model groundwater

balance, steady-state conditions

of mine operation and steady-

state condition after mines were

flooded
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The heat pump efficiency, energy balance of the mine

structure, and temperature decline were evaluated by

comparing results for both Scenario A and Scenario B

simulations and for steady-state temperature field repre-

senting original conditions of zero mine water removal.

Since the thermal conductivity values for the strati-

graphic units of the Pilsen Basin are not known, we esti-

mated the appropriate interval of values from the available

tabular data of the prevailing rock type. Sediments of the

Pilsen basin are comprised of clastic minerals with rela-

tively low porosity. According to Clauser and Huenges

(1995), the usual thermal conductivity values for these

types of rocks range between 1.5 and 2.5 W/m/�K with a

probability of 72 %. Thermal conductivities between 2.5

and 3.5 W/m/�C) occur at a 20 % probability.

Finally, in the model, we specified the thermal con-

ductivity of the saturated rock mass for the 1st and 2nd to

5th model layer as 1.96 W/m/�K and 2.12 W/m/�K. These

values are in reasonably good agreement with the above

specified probable interval of the thermal conductivity

values of clastic sediments. In the simulated range of

groundwater temperatures, the thermal conductivity of

groundwater is approximately 0.6 W/m/�K. Groundwater

thermal conductivity temperature dependency was

neglected in our simulations.

The specific thermal capacity of water occupying pore

space is 4,168 J/kg/�K. The specific thermal capacity of

quartz and calcite at room temperature varies between 700

and 800 J/kg/�K. As a result, the thermal capacity value of

920 J/kg/�K was entered into model for all model layers. In

the Scenario B simulations, a total thermal energy uptake

of 10 kW was simulated. The heat exchanger was simu-

lated with 16 model cells situated along a vertical line of

the Nova Hospoda shaft.

Summary and Discussion of Heat Model Results

The highest groundwater temperatures (up to 20 �C) were

calculated at the base of the southern Plzenska basin in the

area with the largest water-saturated profile. In the fourth

model layer, which contained the Krimich II mine corri-

dors, a water temperature of 15.92 �C was calculated

(Fig. 11a). A groundwater abstraction of 20 L/s for the

ground surface heat pump (Scenario A) will cause the

piezometric head in the flooded mine to drop from 325 m

to approximately 238 m (Figs. 10, 11b).

The model-predicted time of stabilisation of the tem-

perature field for Scenario A ranged over a period of

1,100 years. The temperature decline at the uptake point

was calculated by the model to be 0.6 �C (Fig. 13). We

conclude that Krimich II and, in general, many abandoned

mines could supply groundwater of relatively constant

temperature for a long time.

From Fig. 13, we estimate that the recent temperature

field of the saturated rock mass surrounding the Krimich II

mine is affected by the groundwater inflow that has

occurred over the last 200 years. At the final stage, mine

Fig. 10 Model groundwater

levels during heat pump

operation at the rate of 20 Ls-1

(Scenario A), the dashed line

represents crosscuts for Figs. 11

and 12
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inflow reached 50–60 L/s. Accounting for the cooling rate

calculated for Scenario A (Fig. 10) for the period of coal

mining, the temperature of rock mass surrounding the mine

probably declined by a few tenths of a degree. During the

cooling process, both the static and dynamic heat supply

were depleted with pumped water.

The terrestrial heat flow of 60 mW/m2 is the only

dynamic source of heat in the model domain. Under natural

conditions, 19.27 MW of thermal energy is supplied and

depleted over the 321.16 km2 model area. Thermal energy

is partially radiated from the ground surface and partially

drained with groundwater into rivers.

Simulated steady-state mine water abstraction for the

heat pump at q rate of 20 L/s can be considered a periodic

abstraction at a rate of 40 L/s during heating periods and

zero collection in non-heating periods. The total heat pro-

duction in Scenario A was calculated for a mine water

temperature difference of 10 �C, a volumetric rate of 40 L/s,

and a specific thermal capacity of water of 4168 J/kg/�K.

About 1.66 MW can be provided by a heat pump during a

typical half year heating period.

When the heat pump exchanger is installed in a vertical

pit (Scenario B), the surrounding mine water temperature is

predicted to drop-off significantly within a few tens of

years (Fig. 14). A simulated permanent collection of heat

at a rate 10 kW is approximately comparable to a periodic

collection of heat at a rate of 20 kW during the heating

period. In reality, the simulated decline of mine water

temperature would inevitably lead to a significant decline

in heat pump energy production and to a reduced return on

investment. The negative value of groundwater tempera-

ture (in the 16 model cells containing the heat exchanger

having a cross seection of 6 9 6 m and a height of 5 m)

calculated by the model is unrealistic and suggests that a

collection of 10 kW would not be possible over a longer

term if the heat pump exchanger was installed in the mine

shaft. Such an adverse result is caused by two major fac-

tors: first, the simulated flux of water in the mine shaft is

negligible and, second, the mine water surrounding the heat

exchangers has a thermal conductivity only 0.6 (W/m/�C),

which is significantly lower than the saturated rock thermal

conductivity. When simulating a heat exchanger with a 1st

type boundary condition (T = 10 �C in the 16 cells with a

heat exchanger), a heat yield of 4.7 kW was calculated.

Flow in vertical mine shafts without an overflow is

usually negligible and depends on groundwater inflows

through the shaft walls. Stagnation of flow often exists,

with vertical stratification caused by mine water chemical

composition and temperature. Under natural conditions, the

water temperature and salinity increases with depth in

vertical mine shafts. The installation of a vertical heat

exchanger causes water cooling and an increase in density

(Fig. 1). Due to the groundwater density imbalance, a

convective cell with partial replacement of water around

the heat exchanger can be created. Creation of the con-

vective cell demands that the temperature density increase

Fig. 11 Steady-state

temperature fields representing

hydraulic conditions without

groundwater abstraction (8a)

and with groundwater

abstraction for the heat pump

(8b)
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be larger than the density increase attributed to chemical

stratification. In general, the chemical stratification of a

water column prevents the establishment of such a con-

vective cell. Convective cell creation is also not possible in

the case of forced water circulation around a heat

exchanger generated by a piezometric head gradient

between the water table and the base of the shaft. In any

case, convective or pressure driven flow is unlikely in a

vertical shaft comparable to the flux simulated as mine

water abstraction in Scenario A. As a result, the approach

described for Scenario A can provide significantly larger

amounts of energy than Scenario B.

Conclusions

Almost all research investigations of hydrogeological

structures have focused on determining the hydraulic

parameters and testing available groundwater quantities.

We are still in the early stages of method development,

modelling, and estimation processes when it comes to

determining representative thermal parameters of water-

saturated rock on a regional scale. The biggest issue with

the application of heat flow mathematical models for heat

uptake evaluation is the uncertainty of input data con-

cerning terrestrial heat flow and the thermal parameters of

the rock mass or the complete absence of such data. Our

simulations indicate that underground mine structures

could be suitable systems for the installation of heat

pumps since their thermal stability and hydraulic proper-

ties allow mine water and groundwater abstraction at

significant rates. The ongoing disposal of wastes in

underground mines in the Czech Republic should be

reconsidered in consideration of this conclusion. Filling up

the pits and corridors of abandoned underground mines

degrades and permanently destroys the hydraulic systems

that could be used to collect low-grade geothermal energy

by mine water abstraction.

With regard to maximising thermal output, we propose

that a feasible technical design is to pump mine water to

the heat pump exchangers situated in the technical areas of

boiler plants. (Scenario A). Our simulations indicate that

there is potential to extract 1.66 MW of mine heat potential

from the Krimich II mine at a pumping rate of 40 L/s

during the winter heating period. We know that the

groundwater withdrawal reserve is actually greater than

40 L/s because when the mine was operating, the mine

water discharge rate averaged approximately 55 L/s.

Fig. 12 Final temperature

decline resulting from the long-

term mine water abstraction for

the heat pump at the rate of 20

L/s (Scenario A)

Fig. 13 Gradual mine water temperature decline at the uptake point

(Scenario A)

Fig. 14 Mine water temperature development in the vicinity of heat

exchanger (Scenario B); heat abstraction simulated via 2nd type

boundary condition
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Groundwater abstraction enables utilization of geother-

mal energy from a flooded mine. The only factor limiting

mine water pumping heat systems is the long-term avail-

ability of mine water in sufficient volumes. When pumping

at 1 L/s, with a temperature drop of 5 �C, it is possible to

obtain a heat output of 20.8 kW. Large mines could be a

long-term source of stable temperature water with a vol-

ume of tens to hundreds of litres per second. For example,

the estimated flooded volume of Krimich II mine is

559,000 m3. The only disadvantages of such a technical

design (Scenario A) is the problems of discharging saline

mine water and scale formation in the heat exchanger. This

disadvantages disappears when the heat exchanger is situ-

ated in the flooded parts of the mine (Scenario B). The

disadvantage of Scenario B is considerably less heat

production.

A mathematical model is the only tool we can use to

predict temperature changes of the mine and ground water.

Our approach can be used to evaluate the basic energy

potential of abandoned mines. It is obvious that when

choosing a specific mine for heat pump installation,

detailed calculations using more sophisticated software are

necessary and these calculations must be supplemented by

measuring relevant data.
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Abstract  
 

The Benesov-Usti aquifer system of the Bohemian 

Cretaceous Basin constitutes the largest 

accumulation of moderately thermal groundwater 

(25 - 35°C) in the Czech Republic. The main goal 

of the research project was the determination of 

available yield of groundwater resources in the 

areas of Decin and Usti and effect of withdrawals 

on the quantity and temperature of the waters. The 

area is strongly influenced by Saxonian orogeny. 

Common approaches to the simulation of 

groundwater flow using MODFLOW packages 

BCF and LPF fails. Suitable simulation of the 

hydraulic function of faults and heat transfer 

simulations is only possible with discretization of 

the model layers independent of the location of the 

aquifers and aquitards. The MODFLOW using 

HUF package and MT3DMS model were evaluated 

as satisfied tools for the calculation of groundwater 

and heat flow. Potential for thermal groundwater 

abstraction up to 275 L.s-1 in Ústí city and 44 L.s-

1in Děčín city accompanied by maximal drop of 

groundwater temperature 1.7°C were evaluated by 
predictive simulations.  

Key words 
HUF MODFLOW, groundwater flow model, heat 

flow model, geological fault, terrestrial heat flow 

 

1. Introduction  
 

Long term groundwater extraction has a 

significant effect on the groundwater levels, flow 

directions and velocity [14]. In the areas with 

thermal waters the groundwater extraction 

significantly influences the temperature distribution 

in the aquifer [1]. The most useful tool for 

evaluation of groundwater pumping in the 

complicated hydrogeology systems is calibrated 

mathematical model [15]. 

In the Czech Republic one of largest and most 

exploited aquifer system with low potential thermal 

groundwater accumulation is the Benesov-Usti 

aquifer system (BUAS). It occupies N part of the 

Bohemian Cretaceous basin (BCB) and covers cca 

1580 km2 (Fig. 1).  

 

Fig. 1 Area under study 

A mathematical model of groundwater flow and 

heat transport has been designed for the needs of 

ground water management in the area under study. 

The main goal of the research project was to 

determine available quantity of thermal 

groundwater in the areas of Decin and Usti and the 

effect of withdrawals on the temperature field. The 
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mathematical model allowed for evaluation of 

temperature changes, as well as identification of 

infiltration zones.  

The majority of pumping wells is situated in the 

Ústní nad Labem and Děčín cities. Thermal 
groundwater temperature in the area typically 

varies between 25 and 35°C. Estimates of the 
existing heat flow in the area differ quite 

significantly. In [10] the heat flow estimate varies 

between 90–100 mW.m-2. An average heat flow in 

the BCB of 73 mW.m-2 and 80 mW.m-2 is assumed 

in the [8] and [3]. In [19] the heat flux values lower 

than 50 mWm-2 for the recharge and higher than 70 

mWm-2 for discharge areas is determined. Many 

authors expect increased heat flow in the fault 

areas.  

In the winter period 50 ls-1 of thermal 

groundwater is used by heat exchangers to allow 

central heating in the Děčín city. Thermal 
groundwater become heat source of thermal pools 

in Usti nad Labem and Decin and for Usti nad 

Labem ZOO. 

The area under study is strongly affected by 

tectonic deformation resulting in many faults. The 

groundwater may overflow between different 

aquifers at the fault lines [4]. The broadly used 

groundwater model vertical discretization (using 

MODFLOW BCF and LPF packages) fails to 

account for complex groundwater pattern existing 

in the described area.  

 

2. Hydrogeology, model concept 
  

2.1. Surveying history of the area 
The first wells were drilled from 1888 to 1932 

in the areas of Bystrany, Usti nad Labem and Decin 

(Fig. 1). The hydrological and hydrogeological 

research of the BCB was subject to an extensive 

assessment in the 1řŘ0’s. A comprehensive 
description of the area was published by [7]. In [11] 

a detailed hydrological and hydrogeological 

evaluation of the region including double layer 

mathematical model is published. 

The European project ISPA (2002-2008, No 

2000/CZ/16/P/PE/003 - reconstruction of national 

groundwater monitoring network) brought a new 

inputs to the research of the area of interest. Sixteen 

new wells were drilled in the model area. Extensive 

drill logging and surveying helped verify and 

precise data of lithology, basin tectonic structure, 

hydraulic parameters, piezometric altitudes and 

vertical profiles of groundwater temperatures. 

Synthesized information from all available sources 

is in [5].  

2.2. Fault zones 
The study area forms part of the territory of 

intense Saxonian orogeny, the predominant trends 

of faults being NE-SW, NW-SE, and E-W. Fig. 2 

shows the outline of fault lines. The entire sunken 

Stredohori block is very strongly affected by block 

disintegration along faults of various trends. Due to 

this fact and the varied lithofacies development of 

the Upper Cretaceous sedimentation, this unit is 

one of the most complex structures of the BCB. 

The most important tectonic features include the 

Ore Mountains fault zone, the Lusatian fault and 

the complex of the Stredohori fault (Fig. 2). 

 

Fig. 2 Outline of geological faults: 1 – Ore Mountains 
fault zone, 2 – Stredohori fault zone (2a – Straz fault , 2b – 
Ceska Lipa fault zone, 2c – Ustek fault, 2d – Libochovice 
fault), 3 – Malecov-Okresice fault, 4 – Valkerice fault, 5 – 
Radec fault, 6 – Kerhartice fault, 7 – Ceska Kamenice fault 
zone 8 – Svor fault, 9 – Decin fault zone , 10 – Lusatian 
fault, 11 – Libouchec fault, 12 – Zitenice fault, 13 – Skalice 
fault, 14 – Bechlejovice fault, 15 – Doubice fault zone  

2.3. System of aquifers and aquitards 
Lithological distinction of Cretaceous beds is 

the key factor to identify the aquifers and aquitards 

of the entire unit [11]. The sunken Stredohori block 

is the main structural element in the area. 

Three aquifers can be distinguished in the 

sunken Stredohori block. The base aquifer A is 

accommodated in the Peruc-Korycany formation 

(Cenomanian sandstones), aquifer BC in the Bila 

Hora and Jizera formations (Lower to Middle 

Turonian sandstones), and aquifer D is constituted 

by the Brezno and Merboltice formations 

(Coniacian sandstones).  Aquitards a/bc (the base 

of the Bila Hora formation -marlstones) separates 

aqifers A and BC. Aquitards bc/d (Jizera and 

predominantly Teplice formations – claystones, 

marlstones) separates aquifers BC and D. The basal 

Cretaceous aquifer A occurs throughout the model 

area. Aquitards a/bc did not develop in the area east 

of Usti nad Labem, where only joint aquifer AB is 

present. The thickness of aquifer A and/or AB is 

typically 40-70 m. The thickness increases to 

approximately 130 m in the vicinity of the Lusatian 

fault, where, due to the petering out of the aquitard 

beds, it connects also with the overlying aquifers to 

form a single permeable aquifer complex of 

sandstone beds up to 750 m thick. The lowest part 

of the Bila Hora formation in the rest of the area is 

constituted by marlstones. It functions as the upper 

aquitard for aquifer A. Transmissivity of the 

aquifer A decreases from NE to SW and W in 
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agreement with the decrease of the sandy 

component. The mean value of the coefficient of 

transmissivity is 60 m2/day. 

The main Cretaceous aquifer BC, constituted by 

the sandstones of the Jizera formation (C) and the 

upper part of the Bila Hora formation (B) is the 

thickest and, in terms of water management, the 

most important aquifer of the entire Bohemian 

Cretaceous Basin. The aquifer BC extends across 

most of the area, only missing in its SW part, 

roughly beyond the Decin-Ustek line (Fig. 2). The 

contiguous body of Jizera formation sandstones 

splits WSW of this line to several bodies and peters 

out. Aquifer BC is connected to the sandstones of 

aquifer A in the zone along the Lusatian fault (the 

aquifer ABC). Aquifer BC in the central and SW 

parts of the area is overlaid by the Teplice and 

Brezno formations in the facies of calcareous 

claystones and marlstones, which function as the 

topping of the aquifer (aquitards bc/d). The 

thickness of aquifer BC varies from 60 m in the 

SW to 510 in the NE at the Lusatian fault. The 

above thickness of aquifer BC is the greatest of the 

entire BCB. 

The uppermost part of the basin (aquifer D) is 

constituted by the sandstone facies of the Brezno 

formation and/or the flyschoid facies of the 

Merboltice formation. Aquifer D in the central part 

of the sunken Stredohori block is intruded (and 

partly covered) by extensive volcanic bodies, 

which complicate groundwater flow. The upper 

boundary of aquifer D is constituted by free water 

table [7]. 

 

2.4. Vertical discretization of the model area 
Complex groundwater flow simulation (using 

MODFLOW) is only possible whit the vertical 

discretization of the model domain independently 

of the base and ceiling of existing litostratigraphy 

units. Given the main aquifer BC thickness of 450 

m and approx. 30 m of geothermal gradient, 

groundwater temperature difference of 15°C may 
occur in the aquifer. The simulation of heat 

transport also requires a more detailed 

discretization of the model space. The scheme of 

the hydrogeological bodies and faults in the study 

area, groundwater flow and model layers concept is 

in the Fig. 3. 

Anderman and Hill (2000) developed 

MODFLOW module HUF, based on a new 

methodology of the input of hydraulic 

characteristics independently to the model grid. 

Hydraulic characteristics of the model cells are 

calculated from the characteristics described for 

existing hydrogeological units. 

 

Fig. 3 Concept of hydrogeological units (schematic 
cross-section NE-SW) 

Above described discretization concept 

distributes river boundary condition within several 

model layers.  Uncontrolled drying of model cells 

during groundwater flow calculation followed. 

Improved vertical discretization, preserving all the 

stream cells in the first model layer, is described in 

Fig. 4. The model space was ultimately discretized 

into 21 model layers. 

 

Fig. 4. Schema of the hydrogeological units and model 
layers 

 

3. Groundwater flow model 
 

3.1. Boundary conditions 
Rainfall recharge is the only source of 

groundwater in the model area. The infiltrated 

quantity was found by means of hydrological 

calculation, whereby rainfall infiltration is equal to 

the observed base flow from the territory. The 

quantity of recharge in individual model cells 

depends on the altitude of the surface and the rock 

type at outcrop. The quantity infiltrating into the 

entire model area (1580 km2) is 6,315 L.s-1.km2. 

Model recharge was calculated in the interval from 

0.6 to 8.0 L.s-1.km-2. 

An important part of the infiltration is drained 

into the rivers. The drainage into river streams was 

simulated using the boundary condition of the third 

type. 
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Groundwater abstraction was simulated using 

boundary condition of the second type. It is 

practically impossible to comply with the 

requirement that groundwater pressure along the 

open section of the well (including the case of 

connection of more aquifers) should be 

approximately constant in the multiaquifer system 

using MODFLOW module WELL. Groundwater 

abstraction was simulated using module 

MODFLOW MNW1 [6].  

 
3.2. Calibration of the groundwater flow 

model 
The groundwater flow model was calibrated 

applying the head criterion in three stationary 

simulations describing different exploitation of the 

system. Model values of hydraulic levels were 

compared with known water table data from the 

given period.  

The first simulation represents flow pattern 

existing prior to the beginning of groundwater 

withdrawal (in late 19th century).  

The second simulations involved maximum 

achieved exploitation of the BUAS system in 

1řŘ0’s (5Ř3.6 L.s-1). The model water level was 

compared with several tens of measurements of 

water tables in wells, listed by [11] (Fig. 5). Model 

water levels of artesian aquifers in the drainage 

areas are usually in agreement with real 

measurement to 5 m. bigger differences were 

allowed in the recharge areas (Fig. 5). 

 

Fig. 5 Comparison of model deviations from the 
measured groundwater levels 

Model drainage in the individual catchments 

was compared with the evaluated base flows in the 

river network (Fig. 6).  

 

Fig. 6 Comparison of the measured and modelled 
groundwater flows 

The third option involved simulations of 

groundwater flows at the existing mean rates of 

withdrawal (280 L.s-1). 

 

3.3. Results of the groundwater flow model 
The model results reveal that, given the tectonic 

affected structure, the piezometric values of 

groundwater flow in the basal aquifer A and the 

main aquifer BC are at similar levels. Vertical shift 

at the fault lines is usually greater than the 

thickness of the basal aquifer A. The block 

structure and the complicated system of 

groundwater overflow between the main and basal 

aquifers do not allow the existence of a piezometric 

heads in aquifer A independent to main aquifer.  

An undisturbed stream of groundwater from the 

area of Usti nad Labem (in 19th century) trended 

toward the western boundary of the model territory, 

into the area of the river Bilina near Teplice. 

Existing withdrawal in the area of Usti nad Labem 

(commenced in 1911) created a new site of 

artificial drainage in the region (Fig. 7), 

substantially altering the trends of groundwater 

flow in an area of more than 100 km2. Withdrawals 

of groundwater in the quantity of 147 L.s-1 and 27 

L.s-1 in the areas of Decin and Usti nad Labem in 

the period of maximum exploitation caused a drop 

of the pressure head of the artesian aquifers by 

dozens of metres (Fig. 8). Withdrawal of 238 L.s-1 

in the area of Ceska Lipa, where aquifer BC is 

unconfined, caused a drop of water table up to only 

8 m.  
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 Fig. 7 Model contours of groundwater levels in 
aquifer BC at maximum withdrawals in 1980’s 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8 Drop of groundwater levels at maximum 
withdrawals in 1980’s 

4. Heat flow model  

 
4.1. Methodology and goals 

Goals of the model were: a/find and test suitable 

methodology for the heat flow modelling in 

complicated hydrogeological structures, b/ evaluate 

effect of groundwater flow on temperature field 

and c/ evaluate the long term temperature changes 

due to the groundwater pumping. Thermal 

characteristics of the model were set an accordance 

with methodology publicised by [12]. 

The influence of temperature changes on the 

hydraulic and thermal characteristics is omitted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The temperature changes in the structure are small. 

According to [12] heat calculation was performed 

out using MT3DMS software [16]. 

The computed temperature field for unaffected 

condition by groundwater abstraction was set as 

initial condition for all others simulations. The 

effect of groundwater flow and groundwater 

pumping on temperature field was determined from 

the difference between the temperature field 

computed with and without groundwater flow. The 

temperature field in the saturated rock formation 

without groundwater flow was computed by setting 

thousand times smaller values of hydraulic 

conductivity. and rain infiltration into the 

groundwater and heat flow models. 
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Fig. 9 Model contours of average temperatures in the 
collector BC - conditions without pumping 

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 10 Groundwater temperature change in collector 
A caused by groundwater flow 

 

4.2. Boundary conditions and heat 

transport parameters 
The basal heat inflow is simulated using second 

type boundary condition between 70 - 80 mW.m-2 

in the lowest model layer (bedrock of the 

cretaceous sediments). 

The heat outflow from the model is simulated 

using first type boundary condition. The constant 

temperature is set to the first model layer. Part of 

the heat is drainage with groundwater to the 

streams, springs and pumping wells.  

There is lack of information describing thermal 

properties of the saturated rock. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The thermal parameters of saturated rock 

environment was set up using methodology 

publicised in [12]. The thermal conductivity 1.66 

W.m-1.°C-1 and thermal capacity 920 J.kg-1.°C were 
set up in the model.  

 

4.3. Heat flow model results 
Model calculated temperatures were compared 

with temperatures measured usually at the borehole 

bottom (fig. 11).  

Good agreement of measured and modelled 

temperature (the difference smaller than 3°C) was 
reached in the area of Děčín and Ústí nad Labem 
cities. Modelled temperatures lower than 10°C in 
compare to measurement were computed in the 

central part of the model area. Simulated downward 

groundwater flow from the aquifer BC to the base 
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aquifer A is probably of higher intensity compared 

to existing conditions.  

 

Fig. 11 Comparison of the measured and modelled 
temperatures 

The areal distribution of the average vertical 

temperatures for the collector BC is shown in the 

Fig. 9. Lowest model temperatures are in the 

shallow parts of the hydrogeology structure and in 

the infiltration areas especially. Highest 

temperatures are measured and modelled in the 

areas with slow groundwater flow (Ústí nad Labem 
area) and in the deepest parts of the structure (close 

to Benešov nad Ploučnicí city).  
The groundwater flow has a fundamental effect 

on the temperature distribution in the model area 

(Fig. 10). In the area between Ústí and Teplice 
cities the temperature differences between affected 

and unaffected temperatures via groundwater flow 

are relatively small. But in the infiltration areas the 

groundwater temperature in the basal collector A 

would be more than 20 °C higher without 
groundwater flow.  

 

Fig. 12 Drop of the groundwater temperature in 
pumped wells in the Děčín City area 

The long term development of the model 

temperature in the pumped wells in the Děčín city 
is in the fig. 12. The temperature decrease is very 

small and its progress much beyond the human 

lifespan. This model results corresponds to reality. 

Its known that in the most exploited area the 

temperature decrease was not observed (after 

almost hundred years of groundwater pumping). 

 

5. Conclusions 
 

Fault lines fragment the model area of the 

Benesov-Usti system into 30 separate blocks with 

different altitudes of the base of Cretaceous 

sediments (Fig. 2). The vertical shift at individual 

faults causes discontinuities of the basal aquifer A. 

Horizontal overflows of groundwater between 

various aquifers occurs across fault lines.  

A system of multiple aquifers in a block 

structure as occurs in the model area does not allow 

vertical discretization of the model domain in 

accordance with the geometry of existing 

hydrogeological units. Such approach would totally 

neglect the effect of faults on the groundwater flow 

pattern. Discretization of the model layers 

independently to the geological setup seems to be 

adequate approach. The application of the 

MODFLOW module HUF for the calculation of 

groundwater flow allowed automatic input and 

effective calibration of the hydraulic characteristics 

of the model space and should be used for 

groundwater flow simulations in complicated 

hydrogeology structures.  

Potential to increase pumping of thermal 

groundwater in the areas of Usti nad Labem and 

Decin from 80.8 L.s-1 and 25.3 L.s-1 to 275 L.s-1 and 

44 L.s-1 was evaluated by predictive model 

simulations. Retention of the piezometric surface of 

artesian aquifers above the ground surface was the 

applied criterion in the specification of maximum 

groundwater withdrawal. The water temperature 

stays at the same level for at least several 

generations, as subsequently confirmed the 

predictive heat transport model. 

The computed temperature field is in reasonable 

agreement with measured temperatures. Model 

results were achieved by setting almost uniform 

heat flow values to the basal model layer. Model 

results suggest that heat flow in the area under 

study could be quite homogenous. According to 

model results the areas with higher temperatures 

are more influenced by upward flow of heated 

groundwater than by higher natural heat flow from 

the bedrock.  

Results of the groundwater and heat flow model 

could be supposed new input to structural 

geologists discussing the function of faults in the 

area. It is known that the vertical shift of individual 

blocks is not attained in a single fault line but 

typically in a zone of several parallel faults. The 
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tightness of aquitards separating the aquifers can 

thus be significantly disturbed.  

Demands have been voiced for an updated and 

detailed reassessment of the tectonic structure of 

the entire area of interest. Temperature field as well 

as geochemistry should be taken into account into 

hydrogeological analysis of the fault zones. 
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ABSTRACT 
 

This article deals with thermal monitoring of coal heaps in the eastern Giant 

Mountains. The aim of this study was to determine the thermal activity at 4 

localities by contact thermometers and making a prognosis of the thermal field 

development. The determination of thermal activity was discovered by 

measurements of temperature and carbon dioxide. Measured temperatures were 

used for calibration of numerical model. 

The highest temperatures determined in the (thermally) most promising site for 

potential energy production (in the Žacléř cadastral area - Eliska coal heap) had 

reached 337.35 K at a depth of 50 cm below the surface with the surface 

temperature of 298.45 K and ambient air temperature of 284.15 K. On this site, 

the highest subsurface temperature being 343.55 K in a control quadrant. The 

mathematical model showed that the temperature inside the coal heap should not 

fall below 293.15 K for at least 20 years.  

 

KEYWORDS: coal heap, black coal, thermal activity, numerical modelling 

 

INTRODUCTION 
 

Origin of coal heaps in the Czech Republic 
In the Czech Republic occur all types of coal, ranging from lignite to anthracite. 

Most of them can also be found in the tailings, the waste rock after processing 

coal, etc. The deposits of coal and lignite in the Czech Republic have been 

systematically extracted for over 150 years. Underground mining methods have 

been used, particularly for the coal deposits. Extracted coal was partly separated 

on the site of the extraction mechanically (manually) and then it was hauled away 

for further processing. However, coal residues remained in the tailings and were 

transferred to the coal heap. 

 

Heap composition 
Coal heaps are important also from the energy aspect, since they contain a large 

percentage of combustible materials throughout virtually its entire volume. It is 

estimated that at some sites the residual components of coal substance comprise 

around 10 to 20% (unpublished data).  In addition, the coal heaps also include 

slate, sandstone, iron pyrites, dust, ash, slag, but also coal which has not been 

separated out during its processing (Hollesen et al., 2011; Kürten et al., 2010; 

Zhang and Kuenzer 2007). 

 

Spontaneous combustion and coal fires 
A coal matrix porosity ranges from 15 to 40% (Krajčiová et al., 2004). Oxidation 

and mutual interactions between coal (or coal residues) and atmospheric oxygen 

lead to spontaneous combustion of coal (Wang et al., 2003). Under optimum 

conditions an underground (endogenous) and often a surface fire can occur 

(Zhang and Kuenzer, 2007). 

Coal fires occur throughout the whole world - in China, India, USA, Russia, 

Australia, Central Asia, Germany and also in the Czech Republic (Chen et al., 

2010; Stracher and Taylor, 2004). The greatest problems and economic losses 
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associated with putting out the coal fires originate in China. It is estimated that 

economic losses resulting from coal fires reach 25 billion EUR/year (Chen et al., 

2010). There are more than 50 areas affected by coal fires in China. Currently it is 

estimated that each year 20-30 million tons of coal burn there. This quantity 

corresponds to an annual production of coal in Germany (Kuenzer et al., 2007). 

Coal fires kill people and cause environmental degradation, release of greenhouse 

and toxic gases, landslides or subsidence of land, and destruction of the habitat of 

flora and fauna. They also have an impact on accelerating the depletion of coal 

reserves (Stracher and Taylor, 2004; Zhang and Kuenzer, 2007).  

The self-combustion process is complex and involves four processes: diffusion, 

chemical interactions between coal and oxygen, release of heat and emissions. 

These phenomena are influenced not only by the diversity, composition and 

properties of coal, but also by the pores structure (Wang et al., 2003). 

According to Guatam and Surana (2001) spontaneous ignition is a characteristic 

of all types of coal. But it depends on the degree of maturity of coal, humidity, 

presence of sulphides etc. In contrast, Akgün and Arisoy (1994) and Nugruho et 

al., (2000) suggest that self-ignition depends on the availability of oxygen, the 

size of the tailings heap, and the content of pyrite and coal.  

 

Geothermal utilization 
In the Czech Republic there are several coal heaps that are thermally active 

continuously and could serve for energy use in the future. They possess a vast 

thermal energy potential. For example, if we consider a content of 20% of the 

coal substance in a coal heap of approximately 5 million m3 in volume, there is 1 

million cubic meters of coal gradually burning through. Such a quantity is 

equivalent to three years worth of production in a small coal mine (unpublished 

data).  

There are two methods how to obtain thermal data: field mapping and remote 

sensing. The second method – satellite thermal infrared data – is suitable 

unfortunately for huge areas only, e.g. Chinese and Indian heaps (Stracher and 

Taylor, 2004). In China, there are many projects using thermal infrared satellite 

data. Satellite images can be very good data source for digital surface models (e.g. 

Tollingerová and Pavelka, 200Ř).  
Authors Kürten et al. (2010) dealt with the utilization of geothermal energy of 

coal heaps and determination of technical and economic conditions for their use. 

The research was conducted in the western part of the Ruhr area. The survey 

found that 64% of the deposited material derived from mining, while the 

remainder was made up of foundry debris. The beginnings of smouldering (self-

ignition) at the landfill were first reported in 1943. The results of the 

measurements showed significant thermal activities (373.15 K – probe 1, 573.15 

K – probe 2, 473.15 K – probe 3). The probes 2 and 3 were located in the area of 

fire occurrence. Compared with classical geothermal power plants there are 

continuously high temperatures here. At the probe 2 higher CO concentrations 

were measured exceeded the more than 1000 ppm. Moreover, slow spread of 

endogenous fire means that it is possible to use high temperatures for a long time. 

In the Czech Republic there are coal heaps such as the Emma heap in the Ostrava 

region, or the Krimich coal heap in the cadastral municipality of Tlučná. During 

the years of 2007-2009 long-term monitoring was carried out in the Ema coal 

heap. Remote sensing survey of temperatures was carried out in one of the 
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boreholes. It confirmed fluctuations in the temperature during the day when the 

differences amounted to as much as 288.15 K. Additionally, monitoring showed 

relatively stable temperatures of around 373.15 to 393.15 K at 3 m below the 

surface. On the coal heap of Krimich was implemented a research project focused 

on thermal processes in the coal heaps resulting from mining (unpublished data). 

For these reasons, the area of the eastern Giant Mountains was selected for the 

measurement. 

The most important feature the coal heaps is their composition, which determines 

the amount of potentially usable energy. In practice this means that if the coal 

heap contains large quantities of coal substance (about 30 to 40 % of its volume), 

there can be a considerable expectation of an autoignition process, or occurrence 

of endogenous fire. In respect of the age of the coal heaps, it is not possible to 

unambiguously state that if the heap is of a “early" age it will not be thermally 
active and vice versa. Heap size would be significant in the case of a higher 

content of combustible materials that would be evenly distributed throughout the 

entire area.  

The aim of this study was to determine (i) the thermal activity of coal heaps in the 

Czech Republic in the Intrasudetic Basin by both the surface and subsurface 

measurements of temperature, (ii) then, by means of a mathematical model to 

evaluate the amount of energy potentially usable for energy purposes and the 

possible time span of utilizing the heap. 

 

MATERIALS AND METHODS 
 
Description of sites 
Research in the form of thermal monitoring was conducted at 4 locations - A (the 

Žacléř cadastral area – coal heap of the Jan Šverma mine), B (the Žacléř cadastral 
area – Eliška coal heap), C (the Markoušovice cadastral area, Ignatius coal heap), 

D (the Radvanice v Čechách cadastral area – Kateřina coal heap). In total was 

measured 543 data. Thermal activity has been demonstrated in both old and 

young coal heaps (Fig.1).  

  

Fig. 1:  The map shows the sites at which the measurements took place 
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Each of these sites had a coal heap resulting from the mining of black coal. 

The site A (Žacléř cadastral area – coal heap of the Jan Šverma mine) has an area 

of 18 ha. The coal heap area is 189.461 square metres and has a height of 69.5 m. 

It is 530-633 m above sea level, while the final spot height, following subsequent 

reclamation, is 629 m above sea level. The surface part of the coal heap is made 

up of the coal washery dirt. It also contains clayey and sandy siltstones, coal 

detritus and coal laminae. The lower part of the coal heap consists of rocks and 

boulders. The share of the coal component ranges from 25 to 30% (unpublished 

data). 

The site B (Žacléř cadastral area – Eliška coal heap), has an area of 2.64 hectares 

and covers an area of 33.104 square metres with the height of 13 m. It is 531-544 

metres above sea level. Expert evaluation of this site has never been carried out, 

thus it was not possible to obtain precise information on the composition of the 

coal heap. Location B has a relatively high content of coal residues of up to 30%, 

as well as ash and slag. During the period of 1968 - 1995 this tailings coal heap 

was in the state of a flare up. At present it is covered by natural seeding. In 1996 

drainage of the coal heap base was carried out (unpublished data). 

The site C (Markoušovice cadastral area, Ignatius coal heap) covers an area of 

1800 square metres. It reaches a length of 150-200 m and height of 20 m on the 

valley side. The location C contains mine tailings with a predominance of 

sandstones, conglomerates, siltstones, claystones, coal dirt, and low-grade coal. 

The coal heap has a volume of approximately         36 000 cubic metres of which 

40% comprises flammable components (coal). If we subtract     3 000 m3 of pure 

stone from the sinking of the shaft and crosscuts into the seams, this represents 

about 18 000 tons of coal in various forms ranging from coal dirt to coal dust 

(literature is available from the author). In 2006, a coal fire occurred in the heap. 

Although it was caused by forest workers it was also due to the high content of 

coal substance in the coal heap. The temperature on the surface of the coal heap 

ranged from 373.15 K to 393.15 K, while the subsurface temperature had reached 

as much as 1 273 K. Water which was transferred to greater depths by means of 

two-meter probes decomposed at these temperatures into oxygen and hydrogen 

and this led to explosions. Reportedly, 800 tons of the coal mass dispersed in the 

coal heap had burned up (unpublished data).  

The site D (Radvanice v Čechách cadastral area – Kateřina coal heap) covers an 

area of 212.137 m2, with the height of 50 m. The total volume of the coal heap is 

2.331 million m3, while the total volume of the coal mass comprised 443.000 m3, 

i.e. 19% on average. Much of the coal substance was unevenly distributed and 

sometimes amounted to 40% by volume (literature is available from the author). 

The coal heap had also received mine run, muck, rocks, slag, tailings and coal. 

Prior to 1979 small outbreaks of heating began to occur and caused a flare up. It 

was therefore necessary to carry out a remediation of the coal heap. The flare up 

of the coal heap was longterm and very intensive, as evidenced by the 

temperatures measured inside the heap, which had reached over 1 273 K. Had the 

coal heap not been reclaimed and recultivated, there is a likelihood that a 

spontaneous burnout would take another 50 to 100 years (unpublished data).  

 

Thermal monitoring and gaseous emissions 
Thermal monitoring was carried out in a regular network across the entire surface 

of the coal heaps. The distance between individual points of measurement was 10 
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m for the A to C. In case of the D location the distance between the points of 

measurements was 60 m – due to the the size of the coal heap. A tape measure 

was used to measure out the same distances within the framework of individual 

points. 
The thermal monitoring method consisted of measuring the surface (1-2 cm 

below the surface) and subsurface temperatures (at a depth of 50 cm). 

Measurements were carried on days without precipitation in order to prevent 

distortion in the results. Emphasis was also placed on making sure that there was 

no rain for 2-3 days prior to measurements, since that would also negatively affect 

the results. The measured temperatures were used for calibration of mathematical 

model. To create a model of a temperature field development the location B (the 

Žacléř cadastral area - Eliška coal heap), was selected since high temperatures 

with a high energy potential had been measured here. On the surface, coal heap 

temperatures had reached 343.15 K - which means that there had to be a 

significant source of thermal energy in the heap. 

After the completion of the surface thermal monitoring the thermally most active 

sites on a particular coal heap were remeasured in 3x3 m control quadrats. 

The size of control quadrats was 3x3 m (or 16 points) on the Eliška coal heap (2 

control quadrats) and 2x2 m (or 9 points) on the Jan Šverma coal heap. The 

remaining two sites were not thermally active, therefore no control quadrat 

measurements had been performed. 

The surface temperatures were measured by an autonomous measuring device 

with a Vernier Labquest twelvebit interface to which additional sensors such as 

humidity sensor, CO2 sensor, etc can be connected. Using this device, it was 

possible to collect data with a maximum sampling frequency of 100 kHz, unless a 

specific sensor design was limited by lower frequencies. The thermal interface 

ranged from 273.15 to 343.15 K. The surface temperature was measured by a 

temperature measuring sensor which was connected to the LabQuest. The 

temperature sensor had a range of 253.15 to 383.15 K. It was reliably resistant up 

to a temperature of 403.15 K. Its accuracy was ± 273.65 K. 

Subsurface temperature was measured by a GTH 1170 plunge thermometer with 

the interface temperatures ranging from 208.15 to 472.15 K, accuracy of ± 0.05% 
of the reading and ± 0.2% of the range, while at the temperature interface ranging 
from 208.15 K to 1 423 K its accuracy was ± 0.1% of the reading and ± 0.2% of 
the range. 

Simultaneously with the determination of the surface and subsurface temperatures 

of the coal heap the concentrations of CO2 were also measured. The Labquest 

Vernier interface device with a CO2 sensor was used for this purpose. After 

digging up a hole to a depth of 50 cm the CO2 sensor was suspended to its bottom 

and the concentration was measured automatically. The presence of carbon oxides 

in a coal heap or in a coal seam indicates spontaneous combustion. It has been 

proved that as the temperature rises from 313.15 to 353.15 K the CO 

concentration increases from 50 to 300 ppm. In respect of the CO2 concentration 

it achieves higher values in the order of hundreds of ppm (Wang et al., 2003).  

At each measured point its topography and elevation were recorded on the Leica 

GPS 1200+  receiver with accuracy of 0.01 m. The coordinates have been 

recorded in the WGS 84 system. Data processing was carried out in the Leica 

GeoOffice, ArcGIS 9.3 and Surfer 9 programmes. Before measuring subsurface 
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temperatures a hole to a depth of 50 cm was made with a steel rod a 2 cm 

diameter, to make penetration of a thermometer for depth measurements easier. 

Measurements at the site A (the Žacléř cadastral area - Jan Šverma coal heap) 

were carried out on 2.4.2011. The air temperature was 282.15 K and the weather 

was cloudy. Measurements at the site B (the Žacléř cadastral area - Eliška coal 

heap) took place on 17.4.2011. The air temperature was 284.15 K and the weather 

was cloudy. The site C (the Markoušovice cadastral area, Ignác coal heap) was 

measured on 24.4. 2011, at the air temperature of 285.15 K. The site D (the 

Radvanice v Čechách cadastral area, Kateřina coal heap) was measured on 

6.7.2011, the air temperature was 295.15 K. 

 

Mathematical model 
The main objective of the modelling studies was to evaluate by means of a 

mathematical model the volume of potentially usable energy for power generation 

purposes and to estimate a possible time span for the use of the coal heap. The 

extent of potentially useful energy is given by the coal heap properties (size, 

composition, age and history of the heap’s flare-ups), physical and chemical 

processes in the coal heap (thermal properties of individual types of material - 

thermal conductivity, heat capacity, oxygen levels in the heap body, porosity, 

chemical processes within the heap), and the surrounding environment (in 

particular the climatic conditions of the region). 

When the coal heap surface temperatures are known, it -can be possible through 

inverse modelling to determine the size of the energy source in such a way that 

the surface temperatures reach the measured values. Thus we obtain the amount 

of energy that must be delivered to the coal heap in order to achieve the measured 

values. If we determine how much energy is being created in the coal heap now 

and multiply it by thermal calorific value and the volume of the deposited 

material, we will obtain the maximum approximate amount of energy that could 

be released from the heap. 

 

Temperature measurement 

Temperatures measured on the surface and 50 cm below the surface are due to the 

interaction of the above mentioned factors. The main process affecting the 

temperature of the coal heap is the flare up in the heap material and the release of 

much more energy than occurs, for example, due to chemical processes inside the 

heap. The temperature of the coal heap is influenced by climatic conditions and 

the amount of heat being produced within the body of the heap itself, and by the 

influence of the natural heat flow of the ground. 

Modelling of the processes within the coal heaps has been pursued by Krajčiová 
et al. (2004), Hollesen et al., (2011), Zhang and Kuenzer (2007), Krishnaswamy 

et al.,(1996), Evseev and Voroshilov (1986). In particular, they dealt with the 

simulation of the conditions leading to the flare up in the coal heap which may 

have a negative impact on the environment and public safety while minimizing 

the possibility of further use of heaps for energy purposes. 

Methodology of the modelling studies was based on the assumption that the levels 

of the measured temperatures are determined by the amount of the energy flowing 

out of the coal heap body and by the climatic conditions. The aim was to quantify 

the amount of heat so that the measured temperatures corresponded to those in the 

model. 
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At the start, the composition of the coal heap and thermal properties of individual 

types of material were ascertained in order to determine the average parameters of 

the environment. Then, a conceptual model was created and the processes 

affecting the flow of heat in the coal heap and its surroundings were specified. 

Based on the conceptual model a mathematical model which made it possible to 

simulate processes in the coal heap was selected. This was followed by the 

creation of the actual mathematical model. Within the framework of the 

calibration of a stationary model the environmental parameters and the quantity of 

the supplied heat were varied so as to achieve maximum agreement between the 

measured and modelled temperatures.  

After calibration of the stationary model a calculated thermal field was used to 

provide initial conditions for the transient simulations in which the boundary 

conditions simulating the addition of heat into the system (simulation of a flare-

up) are turned off. By means of transient simulations it can be possible to 

determine the time during which the conditions become stabilized in cases where 

there was no addition of heat into the system (excluding the natural thermal flow 

from the ground).  

 

Fig. 2: The schematic conceptual model 

Conceptual model 

A schematic conceptual model is shown in Figure 2. Heat is supplied to the model 

by natural heat flow from the ground and by its being generated inside the tailings 

coal heap. Thermal energy is consumed by heating up infiltrated rainwater and by 

leakage into the atmosphere where it drifts away by means of convection. The 

interfaces coal heap/air and ground/air thus act as virtually unlimited consumers 

of heat which is conveyed into the environment. The heat transfer in the air is 

implemented mainly with the assistance of convection. By contrast, the heat flow 

in the rock mass occurs mainly by conduction, depending on the size of the pore 

environment and its saturation. For the purposes of the model it is not necessary 
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to simulate the flow of heat in the air surroundings the heap. It is important to 

simulate the fast heat transfer into the atmosphere. The air convection can be 

omitted.  According to Lienhard and Lienhard (2011), the radiation is growing 

with temperature and in the hottest parts of the heap can have significant effect on 

the heat transfer. The effect of higher radiation we can simulate by scaling of 

thermal conductivity values. 

There is no stable water table in the area of the coal heap. Moisture in the coal 

heap depends on the level of infiltration of precipitation. Under the coal heap 

surface the measured temperatures reached as much as 343.15 K. It can therefore 

be assumed that temperatures inside the coal heap can reach multiple values. With 

such high temperatures increased evaporation occurs and it is likely that water in 

the hottest places inside the coal heap is present in the form of water vapour. 

Thus, convective heat transfer in the coal heap is brought about by the movement 

of water vapour rather than by the heated water transmission. Within the 

numerical model the heat transfer was simulated via conduction. The resulting 

environmental parameters of the coal heap had been set in a way that would 

ensure the greatest possible extent of simulation of all the factors affecting the 

flow of heat in the heap and the surrounding environment.  

 

Mathematical model 

To simulate the heat flow for the site in the Žacléř cadastral area - Eliška coal 

heap, the SHEMAT numerical code and the pre- and post- processor Processing 

SHEMAT were chosen (Clauser, 2003). 

 

Transmission of heat in the rock environment via the following mechanisms:  Conduction: heat energy transfer in the direction of the temperature gradient 

in the environment  Convection: heat energy transfer by means of the carrier medium flow 

(water, air) 

Heat transfer in the environment is described by Clauser (2003) as a partial 

differential equation of the second order based on the continuity equation: 

Hcncnp
t

T
TqcT ssffff 

  ))1(()(   

where: 

1.  fluid flow, q (m/s) 

2.  thermal conductivity, λ (Js-1m-1K-1)  

3.  density of the fluid, ρf (kg/m3) 

4.  density of the environment, ρs (kg/m3)  

5.  specific heat capacity of the fluid, cf  (J/kg/K) 

6.  specific heat capacity of the environment, cs (J/kg/K) 

7.  time, t (s) 

8.  initial temperature, T (K), 

9.  porosity, n (-), and 

10.intensity of the supply/consumption of thermal energy, H (J/s/m³). 
 

The left side of the equation describes the change in temperature due to 

convection and conduction. The right side describes the rate of change in the 

environmental temperature field (material + pore space) and consumption of heat 

energy in the model domain. 
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The resulting model has the dimensions of 340x160 m and consists of 136 rows 

and 64 columns of the base length of 2.5 m. In the vertical direction the model is 

divided into 43 layers with varying thicknesses. The resulting thicknesses of 

individual layers are shown in Table 1 - Vertical discretisation of the model 

domain.  

 

The environment above the coal heap (depending on the position) is divided into 

10 layers with thickness ranging from 0.5 to 10 m. The coal heap body itself is 

divided into 25 layers with thickness ranging from 0.15 to 1m. The narrowest 

thicknesses are specified at the points of measured temperatures and at the coal 

heap/air and coal heap/underlying rock contacts. The total thickness of the coal 

heap is 13.2 m. The coal heap bedrock is divided into 7 layers with thickness 

ranging from 1 to 10 m. 

Tab. 1: Vertical discretization of the model domain 

Environment above the 

heap 

Environment of the 

heap 

Subgrade of the 

heap 

Model Layer 

Layer 

thickness 

[m] 

Model 

Layer 

Layer 

thickness 

[m] 

Model 

Layer 

Layer 

thickness 

[m] 

1 - 3 10 11 - 18 0,15 

37 - 

40 1 

5 - 6 5 19 - 22 0,5 

41 - 

43 10 

7 - 10 0,5 23 - 28 1 SUM 34 

SUM 52 29 - 36 0,5   

  SUM 13,2   

 

 

Boundary conditions 

Šafanda (1řř7) estimates the terrestrial heat flow for The Bohemian massiv 

between 43 - 71 mW/m2.  Terrestrial heat flow of 60 mW/m2 is simulated by the 

boundary condition of the second type entered into the 43rd model layer (the base 

of the model), characterized by a constant supply of heat energy into the model. 

The boundary condition of the 2nd type simulates the supply of heat inside the 

coal heap. The boundary condition is entered into the 35th model layer. The size 

of the boundary condition was varied during the calibration of the mathematical 

model in order to achieve the best agreement of the measured and model values. 

The outflow of heat is simulated by means of the boundary conditions of the 1st 

type entered into the 1st model layer and it represents a long-term average 

temperature for the site. 

 
Parameters of the environment 

Because the heat transfer in the atmosphere is mainly realized via convection it 

was necessary to set the parameters of the environment above the coal heap and 

the ground surface so as to minimize the interference with temperature by the 

boundary condition entered into the 1st model layer. Thus the parameters of the 

environment are increased many times in comparison to the real parameters of the 
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air so that they would present the smallest possible resistance to the heat leakage 

from the coal heap. In real situation this is happening due to air convection. 

The parameters of the coal heap body itself were set in the stationary model to 

represent the characteristics of the parameters of the deposited types of material, 

and the volume of air as well as water in the porous environment. The resulting 

parameters have been calculated by the method used in MODFLOW/MT3DMS 

by Thorne et al., (2006) using weighted averages. During calibration of the 

model, the sizes of each parameter were varied to ensure the best match between 

the measured and model temperatures. The finally heat capacity of the heap 

environment was set as 2.17 kJ/kg/K and the thermal conductivity 3 W/m/K. In 

the transient model, the values were scaled times 0.5 and 1.5 to evaluate the 

parameters values influence on the temperature development (Fig. 4 and 5) 

The bedrock parameters are specified by using tabulated values of the rocks 

forming the bedrock using values of 1.6 kJ/kg/K and 2 W/m/K.  

 
Statistics 

Statistical data were processed using the Statistica 9 programme. The correlation 

was carried out using the Spearman correlation coefficient. Results at the α level 
of significance = 0.05 showed a strong dependence of CO2 on temperature (which 

is evident from the Figures 3 - 6). 
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Fig. 3 – 6: Show the results at the α = 0.05 significance level, which have demonstrated a strong 

dependence of CO2 on temperature. 

 

RESULTS AND DISCUSSION 
 

Results of the mathematical model 
Stationary simulation 
The initial conditions for the entire model were set at 283.15 K. At the points of 

the highest measured temperatures (Fig. 7 - Surface and subsurface temperatures - 

Žacléř cadastral area - Eliška coal heap) a total supply of 5.3 kW per 100m2 area 

was simulated by using the boundary conditions of the 2nd type. The set value is 

based on a mathematical model in which its values were varied in order to 

achieve the best match of the model and measured temperature values at 50 cm 

below the surface. Figure No.3 (Model isotherms and the thermal field of the coal 

heap body – 15th model layer) shows the model isotherms and temperature field of 

the simulation of the steady flow 50 cm below the surface of the heap. 
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Fig. 7:  Surface and subsurface temperatures - Žacléř cadastral area - Eliška coal heap. The model 

and measured temperatures - point-intervals are used to simplify the graph of the temperatures 

measured 50 cm below the surface at the B site. The model heat field is shown by isolines. The 

highest model values reach 331.15 K. 

 For clarity the figure shows the measured temperatures by means of scaled 

marks. The highest model temperatures reach 331.15 K. The highest measured 

temperatures reach as much as 348.15 K locally. The measured temperatures 

indicate a high spatial variability, when in the close vicinity of the maximum 

measured values there are values registering less than 288.15 K.  The largest 

differences between the model and measured values are found at such points. 

Temperatures in the body of the coal heap, in the areas of energy supply, reach 

values in excess of 373.15 K. 

 
Transient simulation 

The aim of the simulation was to determine the transient evolution of temperature 

field after the grant of thermal energy in the system coal heap (burnt current 

source of heat).The initial temperature field has been used to model the thermal 

field simulated in a stationary simulation. Entering transient model is consistent 

with a stationary, not only simulated subsidies heat within the coal heap. The 

model serve a results corresponding to adverse conditions when any source of 

heat are adding (instead of terrestrial heat flow). 
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Fig. 8:  Development of the model temperatures in the 35th  model layer (at the  site of the 

anticipated highest temperatures). Simulation without added energy into the system. 

 

Fig. 9:  Development of the model temperatures in the 15th model layer (about 50 cm below the 

surface). Simulation without added energy into the system. 

Figure 8 and 9 shows the development of temperatures at observation points 

located in the 15th and 35th model layers at the locations of the previous supply of 

heat. The fastest drop in temperature occurs in the early years following the end 

of the supply of heat into the coal heap. Even after 20 years elapsed since the end 

of the heat supply the temperature in the heap body exceeds 293.15 K. Just below 

the surface of the coal heap the temperature will drop to 283.15 K after about 10 

years.  

 

Results of measurement 
From the results it was clear that the site A (Žacléř cadastral area - Jan Šverma 

coal heap) is thermally active, which was also confirmed on the basis of the 

control quadrats. The highest temperature had reached 304.45 K at a depth of 50 

cm below the surface with the surface temperature of  301.95 K and ambient 

temperature of the surrounding air at 282.15 K. In the control square the highest 

temperature was 300.25 K at the depth of 50 cm below the surface with the 

surface temperature of 297.25 K and the ambient temperature of surrounding air 

of 282.15 K. By contrast, the lowest temperature at 50 cm below the surface was 

278.25 K with the surface temperature of 275.85 K and the ambient temperature 
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of 282.15 K. Further evidence of thermal activity was the incidence of vegetation 

in the area of the control quadrats, burnt rock slope on the side of the coal heap 

and areas without snow during winter. The measured surface and subsurface 

temperatures are shown in Figure 10. 

The site B (Žacléř cadastral area - Eliška coal heap) in comparison with the site A 

showed considerable thermal activity. High subsurface temperature reached 

337.35 K with the surface temperature of 298.45 K and of ambient temperature of 

284.15 K. The control quadrant confirmed the increased local thermal activity, 

where the highest sub-surface temperature was 343.55 K with the surface 

temperature of 298.45 K and ambient temperature of 284.15 K, which is a 

considerable difference. By contrast, the lowest sub-surface temperature was 

278.05 K, with the surface temperature of 279.65 K and ambient temperature of 

284.15 K. Significant thermal activity was demonstrable by visual assessment, 

when ventaroles were exhaling in the vicinity of the control quadrant and there 

was also presence of green vegetation. The high temperature of the coal heap at 

this point was already evident when putting a hand on the thermal site. Another 

demonstrable evidence of thermal activity was the discovery of burnt rocks which 

was proof of self-ignition and gradual process of burning (Fig. 11). 

The site C (Markoušovice cadastral area, Ignác coal heap) did not show any 

thermal activity. The highest subsurface temperature was 291.75 K, with the 

surface temperature of 292.05 K and ambient temperature of 285.15 K. Given that 

no significant values of subsurface temperatures had been detected the control 

quadrat was not used here. Conversely, the lowest temperature was 278.05 K with 

the surface temperature of 279.05 K and ambient temperature of 285.15 K (Fig. 

12). 

The site D (Radvanice v Čechách cadastral area, Kateřina coal heap) also did not 

exhibit any thermal activity. The highest measured subsurface temperature was 

297.45 K with the surface temperature of 301.45 K  and ambient temperature of 

295.15 K. Due to the history of this coal heap associated with reclamation aimed 

at suppressing its thermal activity, the purpose of the measurements was to verify 

that it was no longer thermally active. This was subsequently confirmed by the 

results of measurements, with the lowest sub-surface temperature of 287.55 K  

surface temperature of 292.95 K and ambient temperature of 295.15 K (Fig. 13) 
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Fig. 10: A map of isotherms which shows the surface and subsurface temperatures at the site A 

(Žacléř cadastral area - Jan Šverma coal heap). Dark colours indicate lower temperatures, bright 

colours indicate higher temperatures.  

 

Fig. 11: A map of isotherms which shows the surface and subsurface temperatures at the site B 

(Žacléř cadastral area - Eliška coal heap).  
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Fig. 12: A map of isotherms which shows the surface and subsurface temperatures at the site C 

(Markoušovice cadastral area, Ignác coal heap).  

 

Fig. 13: A map of isotherms which shows the surface and subsurface temperatures at the site D 

(Radvanice cadastral area, Kateřina coal heap). 

Discussion 
 

Periods when the soil was saturated with winter moisture or when the soil had a 

significant proportion of the winter moisture supply were deliberately selected for 

the measurements at the sites. For this reason, it can be assumed that the actual 

amount of heat (supply of heat, energy) could have been much higher (than 
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shown by measurements), while the probability of its being lower is reduced. This 

is only an educated guess of availability of thermal energy. 

Research has confirmed thermal activity on two of the four measured sites. 

Furthermore, it has demonstrated that even though a site hosts green vegetation 

areas, the coal heap may still be thermally active. Likewise with the evidence of 

burnt rocks which indicate a process of self-ignition and gradual burning. 

The mathematical model did not consider heating up of the ground surface by the 

supply of heat from solar radiation or the cooling down due to the penetration of 

precipitation into the body of the coal heap. By means of this model these sources 

were determined as having a value of at least 5.3 kW/100 m2. Regarding the 

timing, assuming a burnout of the current source of heat with the set parameters 

of the coal heap environment, the temperature inside its body would not drop 

below 293,15 K for at least the next 20 years. 

Due to the composition of the tailings coal heaps and their spatial non-uniformity 

as well as the amount of potentially thermal types of material, the actual period of 

thermal activity could be much longer and more intensive. This would require 

further research using deep thermometry with steel probes that would be installed 

to a minimum depth of 2-3 m. Temperatures would be measured at that depth for 

a longer period, for example one year, by a special monitoring unit (this way it 

would also be possible to monitor the precise impact of the weather on the coal 

heap). This measurement could also be supplemented by thermal vision which 

would identify areas with the greatest sources of heat.  

The satellite thermal infrared data are unsuitable because of their thermal 

resolution. Alternative thermal data source is UAV (unmanned aerial vehicles) – a 

low-cost and variable possibility (Pavelka et al. 2013). Thermal vision data 

obtained by UAV have good accuracy, are lowcost and can collect additional data 

(e.g. digital terrain model, ortophoto, thermal maps) (Straková and ezníček, 
2013). However, thermal vision methods cannot measure a carbon dioxide and 

soil moisture data. 

The obtained results would make it possible to determine the location from which 

heat could be collected. 

Similar research was carried out in the Bjørndalen valley near Svalbard (Norway), 

where temperatures were measured at the depths of 0, 1, 2, 3, 4, 5, 6 and 7 m 

below the surface or, more precisely, below the top of the coal heap. The 

temperatures were measured in the period from August 2004 to August 2009. 

Measurements included the installation of the weather station, located about 1 km 

northwest of the coal heap. The station recorded air temperature, surface 

temperature and air humidity every half an hour (Hollesen et al., 2009). The data 

obtained from the station were used as input for the CoupModel. This single-

dimensional numerical model is used for the analysis of heat and water movement 

in the soil or other media, using the Fourier and Darcy's equation (Jansson and 

Karlberg, 2001). 

The research gave the following results: the average measured temperature below 

the ground surface reached up to 283.15 K at an average air temperature of 

267,35 K. Simultaneously, a decrease in subsurface temperatures occurs down to 

273,65 K. It was also found that high temperatures under the ground surface as 

well as the surface temperatures which escape from deeper layers, cause melting 

of snow (Hollesen et al., 2009). This fact was confirmed at the site A (Žacléř 
cadastral area - Jan Šverma coal heap), where due to the high subsurface 
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temperatures snow melted, which was evident only in some parts of the heap. 

Some studies suggest that the rate of oxidation increases with temperature above 

343.15 K. This temperature is critical for the thermal decomposition and leads to 

the process of spontaneous combustion. This phenomenon has been observed at 

the site B, where the highest temperature measured 343.55 K with the 

manifestations of gradual burning (vent role exhalations, occurrence of green 

vegetation, warmth felt when hand pressed against a thermally active site). 

Although within the framework of our research temperatures were measured only 

at a depth of 50 cm below the surface, they had reached much higher values than 

those in the above-mentioned study. It follows that if our research would be 

carried out at greater depths, there would be is a considerable expectation of 

higher readings. 

Another research was carried out in a coal mining area of Wuda in north central 

China. The research objective was continuous measurement of the surface and 

subsurface temperatures from 7.00 to 11:30 a.m. The temperatures were measured 

at the surface and then at 1 cm, 3.2 cm, 6.4 cm, 9.6 cm and 12.8 cm below the 

surface. The highest temperature measured at the depth of 1 cm below the surface 

was 309.15 K in mid morning. In our case, the highest measured surface 

temperature was 301.95 K at the site A (Žacléř cadastral area - Jan Šverma coal 

heap). Authors Kuenzer and Zhang (2007) in their research also indicate that 

vegetation causes shading and cooler temperatures even shortly after sunrise. 

However, in our opinion this phenomenon is only temporary, because by contrast, 

in our research the vegetation proved to be a manifestation of the temperature 

anomalies and provided evidence of the spontaneous combustion process.  Even 

in areas with green vegetation relatively high temperatures were measured, as 

indicated for the site B (Žacléř cadastral area - Eliška heap). The heat escaping 

from the bottom of the coal heap caused and supported the vegetation growth in 

spring. 

Physical and chemical processes that take place in tailing coal heaps are very 

complex and have not yet been clearly specified. That means that they are mostly 

rough estimates. Considerable influence on the coal heaps is definitely exerted by 

climatic conditions of the region, such as temperature, humidity, rainfall, weather 

conditions, etc. Not only these factors can greatly distort measurements, but they 

can also affect the process of spontaneous combustion. For example, temperature 

heats up the Earth's surface and thus also the body of the coal heap. For this 

reason it is important to perform measurements at greater depths, where the 

thermal effects will not be active. Precipitation also leads to inaccurate 

measurement results (in such cases it is better to perform measurements when 

there is no rain). 

 

 

CONCLUSIONS 
 

The coal heaps are an unusual source of energy. They have a significant energy 

potential that can be utilized for many years with appropriate technology. 

Research has confirmed thermal activity on two of the four measured sites. 

Furthermore, it has demonstrated that even though a site hosts green vegetation 

areas, the coal heap may still be thermally active. Likewise with the evidence of 

burnt rocks which indicate a process of self-ignition and gradual burning. On the 
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base of model was discovered a value of at least 5.3 kW/100 m2. Next important 

fact is, that the temperature inside its body would not drop below 293.15 K for at 

least the next 20 years. In reality, because of continuous heat generation founded 

via field measurements, the temperature decrease can be even slower. In the 

future they could be used as an analogue of alternative source of energy. But for 

their using is needed more extensive research and special technology. 

But in the other side the coal heaps has a negative impact on the environment. 

They are often a source of endogenous fires which cause environmental 

degradation, release of toxic (for example an arsenic, selenium etc.) and 

greenhouse gasses. They also have an impact on the human health. Remediation 

of coal heaps is expensive. 
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