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Souhrn

Z perspektivnihno hlediska predstavuje geotermdlni energie nejsSetrnéjsi a
nejefektivnéji vyuZitelny obnovitelny zdroj energie. Narlst vyuZivani tepelnych
Cerpadel spojené s cerpanim podzemnich vod a sbudovanim podzemnich
geotermalnich vyménikd viak miZe ovlivnit hydrogeologické podminky a to zvlasté
rezim proudéni podzemni vody a Sifeni tepla. Intenzita ovlivnéni je pfitom dana
geologickymi a hydrogeologickymi poméry na exploatovanych lokalitdch. Proto ma
zasadni védecky a prakticky vyznam prosazeni se v praxi prognéznich vypoctovych
metod s vyuzitim matematickych modell. PredloZena prace je zamérena na
zhodnoceni vyuzitelnosti dostupnych numerickych modeld pfi hodnoceni vliva a
efektivity aplikace tepelnych cerpadel.

Cilem prace je pomoci vybranych numerickych modell, zhodnotit moZnost
vyuzivani geotermadlni energie z doposud opomijenych zdroji energie: a) ze
zatopenych a opusténych doll, b) z v oblasti vyskytu termalnich vod, c) z termicky
aktivnich uhelnych odvald.

V prvnim pfikladu zatopenych uhelnych doll nachazejicich se v jizni ¢asti plzeriské
panve v oblasti Nyrfany je zhodnocena mozZnost vyuziti dllnich vod, pfitom je
zhodnocen mozZny vliv jimdani dilnich vod na regionalni hydrogeologické a teplotni
poméry v analyzované oblasti. Zaroven je zhodnocena moznost umisténi tepelnych
vyménikl pfimo do zatopenych dold.

Ve druhém pfikladu z oblasti beneSovsko-usteckého zvodnéného systému
nachazejici se mezi Dé&inem Litomé&ficemi a Ustékem, kdy jsou odebirany podzemni
vody ze slozitého hydrogeologického systému, je numerické modelovani proudéni
podzemni vody a pfenos tepla vyuzito pro stanoveni limitl ¢erpaného mnozstvi
pozemni vody. Soubézné je hodnocen vliv proudéni podzemni vody a zvySenych
odbérl podzemni vody na vyvoj teplot termalnich vod.

Ve tfetim pfikladu zoblasti uhelného odvalu Eliska vsevernich Cechéch
v katastralnim Uzemi Zacléf u mésta Trutnov je pomoci numerického modelu
zhodnocen potencidl vyuziti tepla z uhelného odvalu pro energetické ucely.

ProtoZe vsoucasné praxi progndznich vypoctd Sifeni tepla v geologickych
strukturdch nejsou k dispozici levné a dostupné numerické programy, je pro

simulaci Siteni tepla v prvych dvou prikladech z oblasti jizni ¢asti plzeniské panve a z



beneSovsko-usteckého zvodnéného systému rozpracovana a ovérovana
pouzitelnost metody analogie publikované Thornem (2006a a 2006b). Cilem bylo
posoudit pouzitelnost volné dostupného programu MT3DS pro simulaci Sifeni tepla.
Program byl plvodné rozpracovan pro simulaci transportu rozpusténych latek v
podzemni vodé.

Klicova slova
Tepelny tok, proudéni podzemni vody, numerické modelovani, zatopené doly,

geotermalni energie, HUF MODFLOW, uhelné odvaly

Summary

Geothermal energy is one of the most environment-friendly and economical heat
source. The increase of the heat pumps exchanger’s applications into rock
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 Plzen 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 (Bene$ov-Usti aquifer system)
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.

In the case of coal waste heap ELISKA located in northern Bohemia, the potential
heat utilization for energy purposes is evaluated.

To simulate the heat flow in the southern part of the Plzen Basin and in the
Benedov-Usti aquifer system the method published by Thorne (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. Uvod

Mezi vyznamné obnovitelné zdroje energie patfi energie geotermalni. Podle
nazoru rfady odbornik(, napf. Myslil (2007), Renz (2009) jde o zdroj energie patfici
mezi jednu z nejekologictéjSich, a ve vhodnych podminkach i ekonomicky
nejndvratnéjsich technologii ziskdvani energie. Na rozdil od alternativnich zplsobu
ziskdvani napt. vétrné, vodni Ci solarni energie, ma instalace tepelnych cerpadel
minimalni vliv na krajinny raz Uzemi a je tudiz pouZitelnd v chranénych oblastech di
v mistech, kde je wvyuZiti ostatnich alternativnich zpUsob( vyroby energie z
legislativnich a ekologickych divodU zpravidla nemozné.

Vlivem ukonéeni rozsahlé téZebni ¢innosti po roce 1989 v Ceské republice, kdy
doslo k zatapéni dilnich dél, je jednou z perspektivnich moznosti, ziskavani energie z
dllnich vod zatopenych dllnich dél. Jde o vyznamny zdroj nizkopotencialni energie
pro tepelnd cerpadla vregionech Plzeriska, Ostravska, Kladenska, a pripadné i ze
zatopenych rudnych dolt. Dalsi moZnosti souvisejici s dulni ¢innosti je vyuziti energie
z uhelnych odvall (hald) vzniklych pti dlouhodobé tézbé uhli.

Dal$im perspektivnim zdrojem geotermalni energie v Ceské republice jsou
podzemni vody z hydrogeologickych struktur, kde teplota vody dosahuje teplot az
40°C a patfi tudiz do skupiny terem. Jednim z nejvétsich hydrogeologickych systému
s vyskytem termdlni vody je beneSovsko-Ustecky zvodnény systém (BUZS) na
severovychodé ceské kridové panve.

Pti intenzifikaci vyuZivani zdroji geotermalni energie, kdy jsou cerpdna znacna
mnozstvi podzemni vody, vSsak muizZe dojit k zasadnimu nezadoucimu ovlivnéni rezimu
proudéni podzemni vody a rozloZeni teplot hydrogeologickych systému v mistech
vystavby geotermalniho systému a budovani geotermalni elektrarny. Tyto zmény jsou
vyrazné zvlasté v pfipadé, kdy jsou tepelné vyméniky umistény v horninového
prostredi.

Ocenéni zmén, ke kterym dochdzi ¢i muizZe dojit pfi provozu geotermalnich
elektraren ma tak zasadni védecky a prakticky vyznam, to i proto, Ze doposud nejsou
béiné kdispozici relativné levné a informativni progndzni postupy. Efektivnim

nastrojem na posouzeni vlivl odbéru tepla z horninovych systém( na rezim proudéni



podzemni vody a na ovlivnéni tepelného pole v regiondlnim i lokdlnim méfitku je
vyuZiti metod numerického modelovani s rozpracovanim vhodnych postupl. Tyto
metody se daji vyuzit i pfi hodnoceni ekonomické efektivity provozu geotermadlni

elektrarny a pfi fizeni jejiho provozu.
2. Cile prace

Cilem préce je analyza pouzitelnosti a aplikace numerickych modell vyuzitelnych
pro progndzni ocefiovani proudéni podzemni vody a Sifeni tepla, dale pro posouzeni
moznosti efektivniho vyuZivani geotermadlnich zdroji k energetickym ucellm a k
posouzeni vliv projektovanych geotermalnich systém( na rezim proudéni
podzemnich vod a rozloZeni tepelného pole v lokdlnim i regionalnim méritku.

Na zakladé analyzy vstupnich dat, testovani matematickych modell a jejich
aplikace je zpracovana disertacni prace formou komentovanych védeckych praci
autora s tématy:

e moznost vyuziti numerického modelovani proudéni podzemni vody a tepla
v hydrogeologickych strukturach se zatopenymi doly,

e modelovani proudéni podzemni vody a tepla ve sloZitych
hydrogeologickych strukturach,

e vypoctu energetického potencidlu termicky aktivnich uhelnych odvalu.

V ramci reSeni disertacni prace jsou zhodnoceny dostupné programy a numerické
kdody, umoziujici simulaci proudéni podzemni vody a tepla a nejvhodnéjsi z nich jsou
pak aplikovany pfi hodnoceni rezimu proudéni podzemni vody a tepla v konkrétnich
lokalitach v Ceské republice.

Pomoci numerického modelovani jsou nasledné zhodnoceny moznosti vyuzivani
geotermalni energie ze:

e zatopenych dolQ v oblasti jizni ¢asti plzeriské panve a oblasti rudného reviru
Pribramska,
e termicky aktivni haldy Eli$ka v katastru obce Zacléf a
e termalnich vod benesSovsko-Usteckého zvodnéného systému.
Vysledky préace jsou prubézné publikovany tak, aby odpovidaly zvolenym cilim, a

jejich logickd provdzanost okomentovana v souboru praci.



3. Metodika

Pro splnéni zformulovanych cilt disertacni prace, byly nejprve vybrany potencidlné
perspektivni lokality nachazejici se na Gzemi Ceské republiky. S vyuZitim dostupnych
informaci z archivnich méreni a prlzkumnych praci byly na zakladé detailni reserse
vybrany vhodné numerické programy, které pak byly testovdny pfi hodnoceni
moznosti vyuZiti danych lokalit jako zdroje geotermalni energie. Pro testovani
program( a progndzni vypocty byly vybrany lokality, na nichz nebyl doposud
hodnocen jejich energeticky potencidl s vyuZitim metod matematického modelovani.

Pro informacni zabezpeleni modelu jsou shromazdény a vyhodnoceny archivni
geologické, geomorfologické, hydrogeologické, hydrologické a teplotni
charakteristiky vybranych Uzemi. To umoznilo sestavit konceptualni model daného
geotermdlniho systému vhodného pro extrakci tepla z horninového prostredi

Prabéiné byla svyuZitim dostupnych informaci o dané lokalité zhodnocena
pouzitelnost vybranych program( vyuzitelnych pro modelovani proudéni podzemni
vody a Sifeni tepla v horninovém prostredi. Na zdkladé vysledku jejich testovani jsou
vybrany nejvhodnéjsi, které jsou pouZity k popisu proudéni podzemni vody a Siteni
tepla na jednotlivych lokalitach.

Nasledné je pak pomoci vybranych numerickych modell evaluovan energeticky
potencial jednotlivych lokalit a popsany nejistoty numerickych modeld.

Vysledky jsou publikovany v odbornych periodikach.

3.1 Metodika stanoveni vlivu potenciondlnich odbéri podzemni vody a

tepla pomoci numerickych modelt

Po analyze dostupnych geologickych a hydrogeologickych informaci a sestrojeni
zakladniho konceptualniho modelu, je vytvorfen geometricky model zajmového
uzemi, ktery byl pfeveden na model numericky. Geometricky model se sklada z
digitalizovanych bazi a stropl jednotlivych modelovych vrstev, které vétsinou
predstavuji i baze a stropy jednotlivych geologickych resp. hydrogeologickych
jednotek. Tyto Udaje byly bud prevzaty z publikované i nepublikované literatury,
anebo sestrojeny s vyuzitim archivni bodovych udaji z vhodnych geologickych profilQ

vrtu.
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Kalibrace numerickych modelll je realizovdna pfi vyuziti hladinového (v pripadé
simulace tepla ,teplotniho®) a bilanéniho kritéria. Jako kalibraéni varianta je vybran
stav, pro ktery bylo shromdazdéno nejvice mérenych udaja.

Vliv potencionalnich odbérl podzemni vody pro energetické ucely je hodnocen
podle rozdilu soucasnych neovlivnénych hydraulickych potencial(i proudéni podzemni
vody s predikovanymi potencidly, ke kterym by podle vysledkl simulaci doslo
provozem geotermdlniho systému tj. pfi odbérech podzemni vody nebo pfi extrakci
tepla horninového prostredi. Soucasné piezometrické a teplotni poméry a poméry
ovlivnéné provozem geotermalniho systému jsou stanoveny pro rlizné provoznich
scénafe (modelové varianty), simulované zménou okrajovych podminek. Modelové
varianty se pro jednotlivé oblasti lisSi téZ podle ucelu a cilG vyuziti numerickych

modeld.

3.2 Aplikované numerické modely

Po analyze vstupnich dat a vytvoreni koncepénich model( je pro lokality plzeriské
panve a BUZS aplikovan numericky model MODFLOW (Harbaugh, 2000) s vyuZitim
programu MT3DMS (Zheng, 1999) na simulaci Sifeni tepla. Zplsob vyuZiti programu
MT3DMS pro simulaci Sifeni tepla ve zvodnéném horninovém prostredi publikoval
Thonre et al. (2006a; 2006b). Vyuziti metody ovéroval na simulaci laboratornich
pokusl. V dizertacni praci je proto zhodnocen zejména tento zplsob modelovani
proudéni podzemni vody a Sifeni tepla v regiondlnim méritku a popsany jeho limity.

Pro simulovani proudéni podzemni vody v oblasti Pfibramska je aplikovan program
FEFLOW (Diersh, 2005) a pro simulaci proudéni tepla v oblasti haldy ELISKA program
SHEMAT (Clauser, 2003).
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4. Uvod do problematiky

SrGstem pozadavkll na zajisténi obnovitelnych energetickych zdroja vyuziti
geotermdlni energie pro energetické ucely celosvétové roste (Lund, 2010). Doplnéni a
porovnani vyuzivanych geotermalni zdroji s rokem 2005 provedenym Lundem et al.
(2005) a Bertanim (2005) uvadi Lund (2010). Prehled vyuZivanych geotermadlnich
zdroji v Ceské republice publikoval Myslil et al. (2002). V CR méa nejvétsi potencial
vyuziti geotermalni energie z nizkopotencidlni zdrojl, zvlasté pak energie
hydrotermalnich systému.

Hydrotermalni systémy jsou vdzané na geologické ¢i hydrogeologické struktury,
kde jsou vytvofeny zvodné uzaviené nebo oteviené (s dopliovanim zvodnéni) s
teplou vodou. Podle teploty se tyto systémy déli na systémy o vysoké teploté (nad
150 °C), o stfedni teploté (od 90 °C do 150 °C) a nizkoteplotni systémy (do 90°C)
(Myslil et al., 2007).

Hydrotermalni systém je tvoren tfemi hlavnimi prvky:

e Zdroj tepla — zdroj tepla mlzou byt magmatické intruze dosahujici
teplot az 600 °C, které dosahuji relativné mélkych hloubek (5-10 km),
nebo z radioaktivniho rozpadu latek.

e Rezervoary — jsou systém propustnych hornin, ze kterych proudici
kapalina odebira tepelnou energii. Ty jsou ve vétsiné pripadl prekryty
relativné nepropustnymi vrstvami a jsou spojeny s meteorickymi zdroji
(srazkova infiltrace), které dopliuji zdsoby podzemni vody pfirozené
drénované do povrchovych tok{ nebo odcerpavany z hydrogeologickych
vrtQ.

e Geotermalni kapaliny — jsou ve vétsiné pfipadd meteorického plvodu
(srazkova infiltrace) v kapalné nebo plynné fazi zavisejice na tlaku a
teploté (Dikson, 2004).

Transport tepla v horninovém prostiedi je realizovdan pomoci kondukce, konvekce a
radiace. Nejvétsi podil na Sifeni geotermalni energie ma kondukce, s vyjimkou:
e hydrotermalnich systém( s vysokou permeabilitou, kde dominuje prenos

pomoci konvekce,
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e v pripadé narlstu teploty nad 600 °C, kdy dochazi k prevaze radiace.
Parametry urcujici rychlost proudéni a velikost akumulace tepla v prostredi jsou
tepelnd vodivost a tepelna kapacita. Tyto parametry (zejména tepelnd vodivost) jsou
ovlivnény mnoha faktory. Mezi nejzakladné;si patti teplota prostfedi, pdrovitost, mira
saturace a anizotropie horninového prostredi (Clauser a Huenges, 1995; Cermak
1067).
Tepelnou vodivost pro réizné geologické jednotky na uzemi CR stanovili Marusiak et

al.(Tab. 4.1).

Tabulka 4.1: Pramérnd tepelnd vodivost hornin nékterych geol. jednotek (Marusiak et. al. in
Ibrmajer a Suk, 1989)

Geologicka jednotka pocet méreni tepelnavodivost
Cesky masiv (W.m™.°c?)
metamorfované horniny 146 2,67
granitoidy 83 2,72
teplicky porfyr 22 2,5
cinovecky granit, gresein 32 2,7
Jeseniky 74 2,82
sedimenty ceské kiidy 136 1,85
sedimenty permokarbonu 162 2,35
sedimenty uhelnych panvi

kladensko - rakovnicka 110 2,28
ostravsko - karvinska 328 2,78
Zacléfsko - svatoniovicka 39 2,64
karpatska predhluben 236 2,86
videnska panev 36 1,53

Typické hodnoty tepelné kapacity vybranych latek a hornin jsou uvedeny v tabulce

4.2.

Tabulka 4.2: Specifickd tepelnd kapacita vybranych Idtek a hornin
(www.engineeringtoolbox.com)

Hornina/latka jil  sadrovec dolomit granit vapenec kiemence piskovec slida voda vzduch
tepelna kapacita
("t kgtect) 920 900 920 790 840 800 920 500 4286 1005

| kdyz vyuziti geotermadlni energie je z hlediska vlivii na Zivotni prostfedni jednim z
nejpriznivéjsich zdroju energie (Renz, 2009), mizZe jeho vlivem dochazet k ovlivnéni
hydrotermalnich podminek na lokalité (Andrews, 1978). Numerické modely proudéni
podzemni vody a tepla mohou pomoci k uréeni vlivu a zejména efektivity

geotermadlnich aplikaci v konkrétnich lokalitach (Renz, 2009; Williams, 2009).
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Databazi aplikovanych numerickych modell hydrotermalnich systémU sestavil
O'Sullivan (2001). Aplikaci numerickym model@i hydrotermdlnich systému v Ceské
republice (CR) neuvadi. Popisem aplikace numerickych modelG pFi vyuZivani
geotermdlni energie v CR se v zabyval Luke$ (2007). Modelovanim dlouhodobého
vlivu vrtu pro tepelné cerpadlo na hydrotermalni systém se popisuje Uhlik (2010).
Vy¢&islenim energetického potencidlu vyuZiti geotermalni energie v CR se precizné
zabyval Myslil et al. (2002). Ten déli mozné vyuZiti nizkopotenciadlni energie ze
suchych hornin nebo z podzemni vody. VyuzZiti nizkopotencidlni energie z podzemni
vody (resp. z hydrotermalnich systéma) je realizovdno zejména pfi vyuZiti tepelnych
Cerpadel. Peters (2006) popisuje dva zdkladni mechanismy ziskdvani geotermalni
energie pomoci tepelnych ¢erpadel:

e Vyméniky tepelného cerpadla jsou umistény pfimo do hydrotermalnich
systémU. Mnozstvi odebirané tepelné energie je limitovano velikosti
tepelnych vyménik( a tepelné vodivymi vlastnostmi pouZitych materidld
tepelnych vyménika.

e Podzemni voda je z hydrotermalniho systému cerpdna na povrch, kde je
pomoci vyménikli tepelného cerpadla odebirana jeji tepelnad energie.
MnoiZstvi odebirané tepelné energie je limitovdno velikosti moZného
odebiraného mnoizstvi podzemni vody.

Zejména vyuzitim druhého popisovaného mechanizmu ziskavani tepelné energie z
hydrotermalnich systém( muze diky ¢erpani podzemni vody dojit ke zméné rezimu
proudéni a k negativnim ovlivnéni bilance podzemnich vod (Andrews, 1978).
Vyhodou vyuZiti hydrogeologickych systému obsahujici termalni vody pro energetické
ucely muaze byt, Ze v pripadé dostatecné vysoké teploty termalnich vod neni nutna
aplikace teplenych cerpadel a ¢erpana voda lze vyuZivat pfimo pro vytapéni (Renz
2009). V pfipadé pfimého vyuziti termdlnich vod pro energetické ucely je nutné
zabezpedit odbér dostate¢ného mnozstvi termdlnich vod (Clauser, 2009).

S vyuZitim geotermalni energie pro vyrobu elektrické energie se zacalo uZ na
pocatku 20. stoleti v Lardarello, v Itdlii. Zde byla postavena prvni geotermalni
elektrarna o vykonu 250 kW. Poté se dalsi geotermalni elektrarny zacaly budovat na
Islandu, Novém Zélandu (1958), v Mexiku (1959) a v USA (1960). V soucasné dobé

elektrickou energii vyrabi z geotermalni energie také Filipiny, kde celkovy podil na
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vyrobé elektrické energie dosahuje 27 %, ddle Kena 12,4 %, Kostarika 11,4 % a
Salvador 4,3 % (Dickson a Fanelli, 2004).

4.1 Vyuiiti geotermalni energie ze zatopenych dolti

Vyznamné zmény v ddinim prdmyslu vedly v CR k uzavirani hlubinnych dold, které
ma vyrazny vliv na zménu hydrodynamickych pomérQ. Podle Adamse (2001) vlivem
vzestupu hladiny podzemni vody v duisledku ukonéeni cerpani dllnich vod, muze
dochdzet k povrchové drendzi a vyronu podzemnich vod na povrch. DUlIni vody
mohou byt silné kontaminovany. Ke stanoveni rizik spjatych s uzaviranim hlubinnych
doll mohou slouzit numerické modely.

Podle Bazargan Sabeta (2008) maji doly zatopené podzemni vodou vysoky
energeticky potencidl proto, Ze dochazi ve vytéZenych dllnich prostorach
k postupnému ohfevu infiltrovanych srdzkovych vod na teploty, v nékterych
pripadech prevysujicich teplotu 20°C, nebot systém Sachet a chodeb slouZi nejen jako
rezervoar podzemni vody nevyZadujici jiz mnoho technickych dprav, ale i svym
zpUsobem i vyménik tepla, kdy dochazi k ohfevu dllnich vod.

Podzemni voda mlzZe byt odebirdna z vrtl realizovanych do podzemnich chodeb,
nebo pfimo z dalnich Sachet. MlzZe téz byt vyuzivana voda vytékajici z odvodnovacich
Stol &i chodeb. | kdyZz v otevienych prostorech Sachet a chodeb mliZe dochdazet
k volnému proudéni dullnich vod, postupné dochazi teplotni rovnovaze s teplotou
okolniho horninového masivu. Nejvétsi nevyhodou tohoto typu zdroja energie je, zZe
pfi cerpani dllnich vod mohou vzniknout problémy s nakladani s nimi v pripadé, kdy
maji nevhodné chemické sloZeni.

Uvadi se (Wolkersdorfer, 2008), Ze jedno z prvnich vyuziti geotermalni energie ze
zatopenych doll bylo realizovano v 70. letech 20. stoleti v Novém Skostku v Kanadé.
V neddvné dobé zacalo vyuzivani dlinich vod pro energetické ucely v Nizozemském
Heerlenu (Bazargan Sabet, 2008). Ten predpoklada, v pripadé odbérd podzemni vody
o velikosti 40 l.s* a sniZeni teploty dulnich vod pomoci ¢erpadel o 20 °C, produkci
22GWh za rok, coz predstavuje 55 % energie potfebné pro centralni vytadpéni mésta.

Streb a Wieber (2011) zkoumali moznosti vyuziti zaplavenych doll v oblasti
Rhénského masivu v Némecku. K opusténi a zaplaveni doll tam doslo po roce 1960.

Jako nejvétsi vyhodu vyuziti zaplavenych doll pro ¢erpani podzemni vody vyuZitelné
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pro energetické Ucely vidi v moZnosti ziskavani vyrazné vétSiho mnoizstvi podzemni
vody z geologickych struktur, ze kterych by to jinak nebylo diky jejich nepropustnosti
mozné.

V CR je 12 ai 15 tisic ddlnich dé&l (GEOFOND CR). V opusténych a nasledné
zatopenych dllnich dilech se podle odhadli nachdzi 13 az 15 miliond metr(
krychlovych ddlInich vod.

V roce 2007 se zacal zpracovavat vyzkumny ukol: "Vyzkum vyuZiti energetického
potencialu dilnich vod v oblastech byvalé téiebni &innosti CR". V ramci vyzkumu
byly shromaidény archivni udaje o ddlnich dilech, zplsobu jejich zajiSténi,
technickych parametrech dél, hydrogeologickych pomérech a jejich fyzikalné
chemickych parametrech. Nasledné byly podle stanovenych kritérii vybrany
nejvhodnéjsi dlini dila a pro né zpracovany podrobnéjsi studie moznosti vyuZiti
dllnich vod pro energetické ucely.

DuleZitou casti vyzkumného ukolu bylo zhodnoceni moZnosti matematického
modelovani proudéni podzemni vody a Sifeni tepla v zatopenych dulnich dilech a vliv
odbéru dulnich vod pro tepelna Cerpadla na lokalni a regionalni hydrogeologické a
tepelné poméry.

Blize se popisem modelovani proudéni podzemni vody v zaplavenych dulnich
dilech zabyvala Rapantova (2007), ktera vyuZila program MODFLOW 2000 (Harbaugh
et al., 2000) na simulaci zaplaveni hlubinnych dold v Karvinské panvi a Severoceské
uhelné péanvi. Dale popisuje vyuziti programu FEFLOW (Diersch, 2006) na pfikladu
simulace zaplaveného uranového dolu Olsi-Drahonin. Podle Rapantové (2007) je pro
simulaci ovlivnéni regionalnich pomérl proudéni podzemni vody vyhodnéjsi vyuzit
MODFLOW 2000. FEFLOW je vyhodnéjsi pfi simulaci proudéni dalnich vod pfimo v
zaplavenych prostorech dold.

Simulaci proudéni podzemni vody a tepla v zaplavenych dolech se zabyval rovnéz
Renz (2009). S vyuzitim programu FEFLOW sestrojil 2-D a 3-D modely opusténého
dolu na potas (chlorid draselny) Stassfurtu v Némecku. 2-D model vyuzil zejména k
testovani vlivu modelovych parametr(i na proudéni dllnich vody. 3-D model k uréeni
bilance (voda, teplo) opusténého dolu.

Simulaci proudéni podzemni vody a tepla v opusténych dolech dale aplikovali

Malolepsy (2002), Raymond et al. (2008), Adams (2001).
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Proudéni podzemni vody a tepla v oblasti zatopenych doll je simulovano v jizni
Casti plzenské panve (Obr. 4.1). Zajmové Uzemi nalezi do hydrogeologického rajénu
5110 Plzerniska panev. Z kvartérnich rajonl je zde zastoupen rajon 1330 Kvartérni

sedimenty Mze v Plzenské kotliné (Olmer, 2005).
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Obrdzek 4.1: Lokalizace jizni ¢dsti plzeriské pdnve

Hydrogeologické vlastnosti plzefiské panve publikoval Svoma (1970, 1980), nebo
Pesek (2001). Geologii se zabyvali napriklad Chlupac et al. (2002), Pesek (1996) a
Havlena (1971). Zhodnoceni proudéni podzemni vody pomoci matematického
modelu provedl Dyk et al. (1996). Mérené teploty podzemni vody zjisténé z literarni
reSerSe zminénych autor(l jsou uvedeny v tabulce 4.3.

Tabulka 4.3: Mérené teploty a vydatnosti podzemni vody

teplota podzemni vody vydatnost hloubka dila

lokalita typ dila (°C) (s (m)
Blatnice jama Albert 10,5 2,2 67
Hefmanova Hut jama Pavel 11 6 40
Nyrany jama Ziegler 12 - 93
Plzen vydusné Upadnice 13 - -

4.2 Vyuiiti geotermalni energie a simulace proudéni tepla v uhelnych

odvalech

Na tzemi Ceské republiky se vyskytovaly znaéné zasoby ¢erného a hnédého uhli,
které byly téZeny hlavné po roce 1860, kdy zacina strmy primyslovy rozvoj. Do roku

1989 byla Ceskad republika sobéstaénd. Uhli se téZilo vrozsdhlych revirech na
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Mostecku, Sokolovsku, Ostravsku, Zacléfsku, Nyfansku, Kladensku a predpokladala se
otevfit nové doly na Slansku, Pochlovicku, MSensku atp.

Béhem tézby uhli se zvlasté v pfipadé cernouhelnych lozZisek, kterd se nachazi
v permokarbonskych sedimentech, pouzivaly hlubinné metody tézby. Vytézené uhli
bylo ¢astecné mechanicky (rucéné) tridéno pfimo v mistech jeho vytéZzeni a ¢ast uhli
byla odvdZena do Upraven. Rezidua uhli pfitom zGstavala v hlusiné a byla vyvazena na
haldy (odvaly). Postupné dochazelo k jejich samovzniceni.

Obecné jsou odvaly vnimany ambivalentné, jednak jako vyrazny zcela typicky
krajinny prvek, jednak jako fenomén s negativnim environmentdlnim impaktem
(Jelinek, 2010). Vyznamnym negativnim dusledkem termické aktivity uhelnych odvala
je vysoka teplota jejich povrchu a z toho ztrata vegetacniho krytu hald. Odvaly mohou
byt zdrojem polétavého prachu, ktery zpUsobuje zdravotni problémy (Schwarzerova,
2010). Uhelné odvaly (haldy) jsou vyznamné zejména z krajinarského hlediska.
V poslednich letech mohou vsak byt zajimavé rovnéz z hlediska energetického, nebot
obsahuji znaéné procento zbytkového uhli (Hollesen et al., 2010). V Ceské republice
je problematice zahofeni hald vénovana pozornost odhadem od 70. let minulého
stoleti, kdy hofici haldy na Pofiansku, Kladensku, Ostravsku (halda Ema) byly
zdrojem nezadoucich emisi znecistujici ovzdusi.

V CR se nachazi fada uhelnych hald, které jsou stdle termicky aktivni, a které by
mohly v budoucnu slouzit pro energetické vyuziti. Disponuji obrovskym potencialem
termalni energie, kdy napt. pfi obsahu 20% uhelné substance odvalu o objemu cca 5
miliond m3 zde postupné prohofivd 1 milion m3 uhli. Takové mnoZstvi odpovida
trileté tézbé malého uhelného dolu (unpublished data).

Provedené vyzkumy uhelnych hald na tzemi CR (Jelinek, 2010) byly zamé&fené
zejména na eliminaci vlivi uhelnych odvall na Zivotni prostredi.

Oxidaci a vzajemnymi interakcemi mezi uhlim (resp. zbytky uhli) a atmosférickym
kyslikem dochazi k samovolnému vzniceni uhli (Wang et al., 2003). Za optimalnich
podminek dojde k podzemnimu (endogennimu) a ¢asto i povrchovému pozaru (Zhang
a Kuenzer, 2007).

Podle Guatam a Surana (2001) je spontanni samovzniceni charakteristické pro
vSechny typy uhli. Nicméné se |isi u rlznych druhd uhli v zavislosti na stupni zralosti

uhli, vlhkosti, pritomnosti sulfidli, na okolni teploté a podminkach castecného
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zvétravani. Proces samovzniceni uhli je dlouhodoby a vlastni hofeni mlze trvat
nékolik desitek let. Napf. podzemni samovzniceni v ¢inské Liu Huangou zacalo
priblizné pred 20 lety a bude trvat jesté 40 let (Wingfield a Hayes, 2000). Pro srovnani
halda Ema na Ostravsku v CR byla zaloZena ji pted rokem 1920 a projevy termické
aktivity se samovznicenim jsou patrné dodnes.

Autofi Klrten et al. (2010) se zabyvali vyuZitelnosti geotermalni energie dllnich
sklddek a stanovenim technickych a ekonomickych podminek jejich vyuziti. Vyzkum
byl proveden v zapadni ¢asti Poruri. Vysledky méreni prokazaly termickou aktivitu,

kdy byly zjistény teploty dosahujici az 300 °C.
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Obrazek 4.2: Lokalizace zkoumanych uhelnych odvali (Autor: Strakovd H.)

Vyzkum v podobé termického monitoringu byl realizovan na 4 lokalitach (Obr. 4.2 —
A (k. G. Zacléf — odval dolu Jan Sverma), B (k.U. Zacléf — odval Eliska), C (k.u.
Markousovice, odval dolu Ignac), D (k.U. Radvanice v Cechach, odval dolu Katefina).
Na kazdé lokalité se nachazel uhelny odval po tézbé ¢erného uhli. Nejvétsi teploty
byly méreny na odvalu Eliska, ktery se nachazi ve vychodnich Krkonosich, cca 15 km
severné od Trutnova. Odval Eliska ma vyméru 2,64 ha a rozklada se na plose 33 104

m?, pfiemz vyska ¢ini 13 m. Nachazi se v nadmotské vysce 531 — 544 m n. m.
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Modelovanim procesl uvnitf hald se zabyval Hollesen et al. (2010). Popisuje aplikaci
numerického kédu CoupModel (Jansson, 2004) na simulaci proudéni tepla uhelnou
haldou na severu Norska. V simulacich pomoci programu CoupModel je mozné
uvazovat s atmosférickymi, vegetacnimi, snéhovymi a padnimi charakteristikami
modelové domény. Pomoci CoupModelu je moziné simulovat také produkci tepla
z chemickych reakci.

Déle se modelovanim procesl uvnitf hald se zabyvali Krajéova et al. (2004), Zhang
et Kuenzer (2007), Krishnaswamy et al. (1996), Evseev and Voroshilov (1986). Ti se
simulovali zejména poméry vedouci k zahofeni haldy, coz mize mit negativni vliv na
okolni prostfedi a bezpecnost obyvatel a zdroven minimalizuje moZnost dalSiho
vyuziti hald pro energetické ucely.

Vzhledem k vysokym méfenym teplotdm a neexistenci saturovaného prostredi
nelze na simulaci proudéni tepla vyuzit metodu publikovanou Thornem (2006). Pro
simulaci proudéni tepla byl vysledné zvolen matematicky model SHEMAT a pre a post
procesor ProcessingSHEMAT (Clauser 2003). SHEMAT (Simulator for HEat and MAss
Transport) je neustale vyvijend a zdokonalovana aplikace pro 2, 3-D staciondrni a
transientni simulovani proces( v geotermalnich rezervoarech a svou komplexnosti je
vhodny zejména k dlouhodobé predikci vyuZivani tepelného potencialu. Program fesi
transport tepla a rozpusténych latek véetné chemickych reakci v saturovaném
poréznim prostiedi pomoci metody konecnych diferenci (FDM). UvaZuje zdvislost
proudéni na viskozité, ktera je funkci teploty a koncentrace proudiciho roztoku, pfi
tepelném transportu pocitd stepelnou vodivosti a mérnou tepelnou kapacitou

prostredi.

4.3 Vyuziti geotermalni energie a simulace proudéni podzemni vody a

Sireni tepla ve zvodnénych hydrogeologickych systémech
Proudéni podzemni vody ma vyznamny vliv na rozloZeni teplotniho pole.
V lokalnim meéritku muUZe proudéni podzemni vody znacné ovlivnit geotermalni
systémy (Myslil, 2007). Zmény ovlivnéné proudénim podzemni mohou zastirat
lokalni vlivy, jako jsou fyzikalni vlastnosti hornin, radioaktivita, tepelna vodivost a
kapacita. Mohou zastirat i globdlni vlivy, jakymi jsou mocnost kiiry, osy riftu nebo

charakteru zemského plasté (Safanda et al., 1997).
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Pro Uzemi BUZS (Obr. 4.3) se vyzkumem proudéni podzemni vody a tepla blize
zabyval vyzkumny kol GA205/07/0691 - Geotermalni zdroje, jejich limity a trvale
udriZitelné vyuiiti: beneSovsko-Ustecky zvodnény systém (2007-2009, GAO/GA).
Jirdkova et al. (2011) vycislila tepelny tok v oblasti BUZS. P¥i vycisleni tepelného toku
z mérenych teplot ve vrtech brala v Uvahu vliv proudéni podzemni vody a vliv terénu.
Vysledny tepelny tok vychazi rlizny pro jednotlivé oblasti BUZS. Klesa v infiltracnich
oblastech a roste vdrendZnich oblastech. Proudéni podzemni vody vyznamné

ovliviiuje vysledné rozlozeni teplot v hydrogeologickém systému BUZS.
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Obrazek 4.3: Lokalizace benesovsko-usteckého systému

Vyuzitim podzemnich vod k energetickym tcell na Uzemi BUZS se detailné zabyval
Datel (2005). Jimana termadlni voda z vrtd HB 2, ULK 1 a ML 2 je vyuZivana pro
zasobovani méstskych koupalist a lazni teplou vodou. Termalni voda z vrtu UL-ZOO-1
je napojena na systém vytapéni objektl zoologické zahrady.

K vyuzivani termalnich vod v BUZS dochdzi relativné kratkou dobu. Datel (2005)
klade otazku, jaky vliv budou mit odéry termalnich vod (a tim zpUsobené zrychlené
proudéni podzemni vody) na miru prohtati termalnich vod. Ke stanoveni vlivli odbér(
termalnich vod navrhuje sestavit presny konceptudlni a numericky model proudéni

podzemni vody a tepla.
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Tabulka 4.3: Parametry vyznamnych jimanych vrti v BUZS, upraveno z Datel (2005)

Brna Méstské lazné 200 Klise

Jednotky HB 2 ML2 UL-ZOO-1 ULK1

Rok vystavby 2003 2002 2001 1998
Hloubka m 400 390 515 511
Teplota pfitoku do vrtu °C 33.65 32,4 34,8 36,5
Teplota na Ustido vrtu °C 32 31,3 31,2 35

Vydatnost ls™ 11 7,2 12 9
Snizeni (od ustalené Lo Lo

m cca 26, preliv cca 26, preliv 35 45

Piezometrické hladiny)

Simulaci proudéni tepla vrozsdhlém hydrogeologickém systému se zabyval
napfiklad Vedova (2008). Pomoci numerického modelovani zkoumal podil konvekce
a kondukce, vliv velikosti pfirozeného toku zemé a vliv permeability horninového
prostiedi na Sifeni tepla v horninovém prostredi. K numerickému modelovani vyuzil
program SHEMAT 7.1 (Clauser, 2003). Program SHEMAT 7.1 byl testovany i v rdmci
pfipravnych modelovych praci. Jeho znacnou vyhodou v porovnani s pouzitim
MT3DMS na simulaci proudéni tepla je moZnost zahrnout vliv hustoty a teploty na
proudéni podzemni vody. Numericky kéd MODFLOW pfi pouziti Pre a Post
Processoru Groundwater Vistas (Rumbaugh, 2005) se ale projevil jako vyrazné lepsi
nastroj ksimulaci proudéni podzemni vody, které ma v pripadé slozitych
hydrogeologickych struktur, zejména v kfidovych panvich, vyznamny vliv na prenos
tepla.

Simulaci proudéni podzemni vody v oblasti sloZitého hydrogeologického systému
charakterizovanym pfitomnosti zvrdsnénych geologickych jednotek ovlivnénych
cetnymi zlomy se zabyval McKeown et al. (1999). Pomoci numerického kédu OILGEN
(Garven, 1989) sestrojil 2D-model proudéni podzemni vody v oblasti planovaného
ulozisté jaderného odpadu na severo-zapad Anglie. Pfedklada relativné prekvapuijici
zZjiSténi, Ze potencial proudéni podzemni vody je i v takto sloZitém systému vyrazné
ovlivnén propustnosti svrchnich geologickych vrstev.

Numericka simulace proudéni podzemni vody s vyuzZitim numerického kédu
MODFLOW je moZna svyuzitim modulu BCF (Block-centered Flow, McDonald a
Harbaugh, 1988), LPF (Layer Property Flow, Harbaugh, 2000) nebo HUF

(Hydrogeologic-unit flow, Anderman a Hill, 2000). Zminéné moduly ze zadanych
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modelovych parametr(i stanovuji konduktance jednotlivych modelovych bunék nebo
vrstev a ostatnich ¢len( potfebnych pro feSeni rovnic proudéni podzemni vody.
Zakladnim rozdilem mezi moduly BCF, LPF a HUF je, Ze modul HUF interné
pfepocitava a pfifazuje hydraulické charakteristiky do modelové sité na zakladé
prabéhu geologickych jednotek, které jsou geometricky odliSné od pribéhu
modelovych vrstev. Vertikalni modelova diskretizace je odliSha od geologické (Obr.

4.4).

Obrdzek 4.4: Schematické zobrazeni modelovd diskretizace (Cerné linie) odlisné od geologické
(modrd, zelend a ¢ervend vyplh), (zdroj: Coastal hydraulic laboratory)

Modul HUF pouZil napfiklad Jones et al. (2002), ktery zkoumal jeho wvyuZiti
v kombinaci s aplikaci geostatickych metod na definovani modelovych parametr(.
Modul HUF je podle Jonese et al. (2002) uzite€ny ndstroj zejména pfi simulaci
proudéni podzemni vody v oblastech s vysokou variabilitou vstupnich parametr a
sloZitych heterogennich hydrogeologickych systému, kdy by pfi pouziti tradi¢nich
modulld BCF a LPF bylo nutné modelové Uzemi vertikdlné diskretizovat mnoha
modelovymi vrstvami.

V pribéhu zpracovani predlozené disertacni prace publikoval Méndez et al. (2010)
¢lanek zabyvajici se moznosti aplikace programu MT3DMS pfi simulaci proudéni
tepla. Autor v ¢lanku porovnava vysledky numerickych model( s analytickymi vypocty
a svysledky programi SEAWAT (Langevin et al., 2007) a FEFLOW (Diersh, 2005).
Dochazi k zavéru, Zze program MT3DMS je plné kompatibilni a lze jej pfi numerickém
modelovani Sifeni tepla vyuzit.

Uzemi BUZS patfi k jedném z nejvice prozkoumanych hydrogeologickym regionim

v CR. Zajmové Uzemi zahrnuje hydrogeologické rajony zobrazené v tabulce 4.4.
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Tabulka 4.4: Seznam hydrogeologickych rajéni v oblasti BUZS

HGRID Nazev hydrogeologického rajonu

4620 Kfida Dolniho Labe po Décin - pravy bieh

4612 Kfida Dolniho Labe po Décin - levy bfeh severni ¢ast
4640 Kfida Horni Ploucnice

4650  Krida Dolni Plouc¢nice a Horni Kamenice

4660 Kfida Dolni Kamenice a Kfinice

4730  Bazalniktidovy kolektor v benesovské synklinale

V 80. letech minulého stoleti bylo provedeno rozsahlé hydrologické a
hydrogeologické bilanéni hodnoceni ceské krfidové panve. Souhrnnou informaci
ke vSem zkoumanym Uzemim publikoval Hercik et al. (1999). Modelové uzemi
benesSovsko-usteckého zvodnéného systému nalezi podle vySe uvadené prace,
k oblasti bilanéniho celku ¢.3. Autorem podrobného hydrologického a
hydrogeologického hodnoceni bilanéniho celku €.3 je Nakladal et al. (1987). Syntézu
informaci vSech dostupnych prizkumi zpracoval Datel (2008). Tyto informace pak

byly pouZity pfi numerickém modelovani zhodnoceném v dalSich kapitolach.
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5. Komentar k souboru praci

V komentafich a pfiloZzenych publikovanych védeckych ¢lancich jsou hodnoceny
moznosti vyuziti numerickych model(i pfi simulaci proudéni podzemni vody a Sifeni
tepla ve zvodnénych hydrogeologickych systémech ovlivnénych jimanim vody ze
zatopenych doll a ve slozitych hydrogeologickych systémech a jejich vyuziti pfi uréeni
energetického potencidlu zvolenych lokalit. Dale je ilustrovdana moznost jejich vyuziti
pfi progndznich vypoctech vlivu odbér(i geotermalni energie na hydraulicky a teplotni
rezim a pfi vyuZiti tepla termicky aktivniho uhelného odvalu Eliska jako mozného

energetického zdroje.

5.1 Posouzeni vyuziti hydrogeologickych struktur se zatopenymi doly

pro energetické ucely

5.1.1 Publikované prace
REC, Scopus

Baier, J., Polak, M., Sindelaf, M., Uhlik, J. 2011. Numerical modeling as a basic 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

Uhlik, 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 Komentar k publikovanym pracim
Vyuzivani dulnich vod pro energetické ucely muaze byt finanéné vyhodné, a to

zejména na lokalitach, kde je jiz z bezpecnostnich divodl diini voda cerpdna s cilem
vytvoreni stabilnich hydrodynamickych poméra (Watzlaf a Ackman, 2006).
Vyuziti geotermalni energie z dlilnich dél maze byt realizovano dvéma zakladnimi

schématy (Peters 1992):
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1. Vyméniky tepelného cerpadla jsou umistény pfimo do zatopenych dold.
MnoiZstvi odebirané tepelné energie je limitovano kromé teploty dllnich vod
velikosti pouzitych tepelnych vyménik(, tepelné vodivymi vlastnostmi pouZzitych
material( tepelnych vyménikd a okolniho horninového masivu.

2. Podzemni voda je ze zatopeného dolu cerpana na povrch, kde je pomoci
vymeénikl tepelného Cerpadla odebirdna jeji tepelnd energie. Schlazena odpadni
diini voda je pak vypousténa do vhodné struktury ¢ do vybraného
hydrogeologického kolektoru. Mnozstvi odebirané tepelné energie je limitovano
velikosti mozného cerpaného mnoistvi podzemni vody a jejich primérnou
teplotou.

Zejména pfi vyuziti druhého popisovaného schématu ziskavani tepelné energie ze
zatopenych doll muaze, diky Cerpani podzemni vody, dojit k vyraznému ovlivnéni
rezimu proudéni podzemnich vod v okoli duilnich dél a hlavné knezddoucimu
ovlivnéni teplotni bilance a jimaného mnoZstvi podzemnich vod (Andrews 1978). PFi
nespravné stanoveném jimaném mnozstvi dllnich vod muZe dojit k poklesu
piezometrickych tlakd v hydrogeologické strukture a k poklesu zdsob dulnich vod
vyuZitelnych pro ziskani geotermalni energie.

Pti posouzeni efektivity vyuzZiti zatopenych doll pro energetické uUcely a posouzeni
jejich vlivu na prirodni poméry, musi byt zohlednéno mnoho aspektl. Mezi
nejvyznamnéjsi patfi znalost lokdlnich i pripadné regionalnich hydrodynamickych
podminek proudéni podzemni vody a Sifeni tepla, v€etné prostorové heterogenity
vlastnosti hornin, dale predpokladané odbéry dulnich vod, teplotni a hydraulické
charakteristiky hornin. Zasadni vyznam ma znalost vnitfnich a vnéjsich okrajovych
podminek, pocéateéniho prostorového rozlozeni teplotniho pole a piezometrickych
podminek. DUlezitd je i znalost velikosti pfirozeného tepelného toku Zemé a
podminky dotace vyuzivané hydrogeologické strukturu atmosférickymi srazkami,
pretékani ze sousedicich struktur atp.

Numerické modelovani se tak stava, diky slozitosti Uloh podobného typu, jedinym
efektivnim nastrojem, diky kterému je mozné pfi posouzeni brat v Gvahu vétsinu vyse
zminénych vlivl, coZ vyuZiti analytickych postupl, které se v soucasné praxi pfi

progndznich vypoctech bilance tepelnych cerpadel pfevainé pouzivaji, nedovoluje.
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Z analyzy informaci o programech vyuzitelnych pro progndzni vypocty podobného
typu vyplyva, Ze doposud bylo vyvinuto a Uspésné ovéfeno mnoho numerickych kédu
slouzicich k simulaci proudéni podzemni vody a Sifeni tepla ve zvodnénych
horninovych systémech. Mezi nejzndméjsi patfi naptiklad program FEFLOW (Diersh,
2005) nebo TOUGH2 (Prues, 1991). Program FEFLOW je vyvinuty na simulaci
proudéni podzemni vody a Sifeni tepla ve zvodnéném horninovém prostiedi. Na
simulaci proudéni podzemni vody a tepla v hydrogeologickych strukturach obsahujici
zatopené doly byl jiz pouzit nékolika autory (Rapantova, 2007; Renz 2009).
Nevyhodou programu FEFLOW je kromé jinych i jeho vysoka pofizovaci cena a vyssi
odborné naroky na jeho vyuziti, dané jeho komplikovanosti.

V ¢lanku (Baier et al., 2011) je podrobnéji popsana aplikace numerického modelu
FEFLOW pfi simulaci proudéni podzemni vody a tepla vdualnim reviru
polymetalyckych rud na Pfibramsku (rudni revir Bfezové Hory - Bohutin a pfibramsky
uranovy revir). V tomto prispévku jsou pomoci kalibrovaného numerického modelu
popsany regionalni poméry proudéni podzemni vody v zajmovém Uzemi a uréen vliv
odbérli pozemni vody zjamy Marie pro tepelné Cerpadlo na regionalni poméry
proudéni podzemni vody a tepla.

V publikovanych ¢lancich a v disertacni praci se blize zabyvame zejména popisem
simulace proudéni podzemni vody a tepla pomoci numerickych kédd MODFLOW
(Harbaugh, 2000) a MT3DMS (Zheng, 1999), které jsou volné dostupné. Program
MT3DMS je vSeobecné pouzZivdn na simulaci transportu rozpusténych Ilatek
v podzemni vodé. Problémem je, Ze dany program neumozZnuje vyuziti pro feseni
uloh Sifeni tepla. Tento problém se pokusil vytfesit Thorne (2006a, 2006b), ktery na
zakladé teorie analogie mérnosti fyzikalnich poli publikoval metodu umoziujici vyuziti
programu MT3DMS pfi simulaci Sifeni tepla ve zvodnénych horninovych systémech.
Proto bylo jednim z cilGl modelovych praci ovéfeni moznosti vyuziti metody analogie
pfi simulaci tepla v regiondlnim métitku a zhodnotit a popsat meze jeho vyuzitelnosti
pfi feSeni nejen védeckych, ale hlavné prakticky vyznamnych uloh.

Pro aplikaci numerického modelu proudéni podzemni vody a Sifeni tepla byla
zvolena lokalita jizni ¢asti plzeriské panve. Proudéni podzemni vody bylo simulovano

pomoci numerického kédu MODFLOW2000 a ve druhém kroku pak proudéni tepla
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pomoci kdédu MT3DMS za vyuZiti pre a post procesoru Groundwater vistas 5
(Rumbaugh, 2011).
Geologicky fez zdjmovym Uzemim je zobrazen na obrazku 5.1. Linie geologickych

fezll A-A” a B-B” jsou zobrazeny na situanim obrazku 5.2.

A Vejprnice stream A’

300

200 Slany strata

100
[mas.l]o
-100

-200

-300 Proteozoic subgrade
-400

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 1;0601 12000 13000 14600
Obrdzek 5.1: Geologické rezy jizni ¢dsti plzeriské pdnve, osa y je 5x pfevysena

K tézbé ¢erného uhli dochazelo v této oblasti prevainé v sedimentech kladenského
souvrstvi v hloubkdch dosahujicich az 400 m p. t. Kukonceni téZzby a k zatopeni
hlubinnych dolU (Ziegler a Krimich 1) doslo v roce 1995.

Vertikdlné je modelové Uzemi tvofeno 5. vrstvami. Baze modelu je shodna
s povrchem predkarbonského podlozi. Horizontalné je modelové Gzemi rozdéleno na
elementy o velikosti hrany 200 m. Prostfedi doli je simulovdno pomoci zén ze
zvy$enou hydraulickou vodivosti. Vysledna velikost modelového Uzemi je 251 km?a je
voleno tak, aby nedochdzelo, nebo bylo vyrazné omezeno pretékani podzemni vody
pres jeho hranice. Jedinym zdrojem podzemni vody v zajmovém uzemi je tedy
srazkova infiltrace simulovand hodnotou 67 mm za rok (stanovena z hydrologické
analyzy). Kodtoku podzemni vody dochazi drendzii do vodnich tokd nebo

simulovanymi odbéry podzemni vody.
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Obrdzek 5.2: Situace zdjmového uzemi
Pro ucely kalibrace numerického modelu proudéni podzemni vody v jizni ¢asti
plzenské panve a simulaci sou¢asnych a potenciondlnich podminek, bylo sestrojeno
nékolik variant modell, simulujici rdzné poméry proudéni podzemni vody vcéetné
predikéni varianty:
1. simulace pomér( proudéni, kdy byly ¢inné doly Likona, Krimmich Il a Ziegler —
kalibrace matematického modelu proudéni podzemni vody,
2. zatapéni doll Likona, Krimmich Il a Ziegler — simulace neustaleného proudéni
podzemi vody, kalibrace modelu,
3. soucasné poméry proudéni podzemni vody se zatopenymi doly — vychozi
varianta pro porovnani vlivii odbér( podzemni vody a tepla,
4. dlouhodoby odbér dulnich vod o velikosti 20 |.s™ pro tepelné éerpadlo.
Simulace proudéni tepla byla provedena pro tyto varianty modelu proudéni
podzemni vody:
1. model sou¢asného stavu: a) neovlivnéné teplotni pole,
b) umisténi vyméniku tepelného cerpadla do

zatopeného dolu Krimich II, simulovany odbér 10kW,
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c) umisténi vyméniku tepelného cerpadla do
zatopeného dolu Krimich I, obéh média o teploté
10°C;

2. model stavu ovlivnéného dlouhodobym odbérem 20 I.s™* dalInich vod.

Pro simulaci umisténi tepelného vyméniku pfimo do zatopeného dolu bylo nutné
vyrazné zjemnit vypocetni sit. Modelova vrstva obsahujici daIni dila byla rozdélena do
dalSich 16 vrstev a horizontalné doslo k zahusténi vypocetni sité az na velikost 6m.

U¢elem simulaci proudéni podzemni vody a tepla bylo uréit mnozstvi podzemni
vody a tepla, které by bylo potenciondlné mozné odebirat a zdroven zhodnotit vliv
odbérli na proudové a teplotni pole. V rdmci testovani metody simulace Sifeni tepla
pomoci programu MT3DMS byl odbér tepla simulovan za rdznych okrajovych
podminek:

e okrajova podminka 1. druhu — na plasti tepelného vyméniku byla zadana
konstantni teplota, simulace obéhu média o konstantni teploté v télese
tepelného vyméniku;

e okrajova podminka 2. druhu — v modelovych burnkach simulujici tepelny
vymeénik byl zadan celkovy konstantni odbér tepelné energie o velikosti 10
kW.

e okrajova podminka 2. druhu — v modelovych bunkach simulujici vrt byl zaddn
konstantni odbér diIni vody o velikosti 20 I.s™*.

Dotace tepla do modelu je simulovdna okrajovou podminkou 2. druhu. Konstantni
pfirozeny tepelny tok Zemé je zaddn hodnotou 60 mW.m2do bazélni modelové
vrstvy, typickou pro zdjmové uzemi. Odtok tepla je simulovan okrajovou podminkou
1. typu v 1. modelové vrstvé, kde je zadana konstantni teplota 9.5 °C.

Na prvni lokalité, na Uzemi jizni c¢asti plzenské panve, byly simulovany celkem 3
varianty zplsobu odbérd tepla. Pfi simulaci konstantniho dlouhodobého odbéru
10kW tepelné energie tepelnym vyménikem umisténym pfimo do zaplaveného dolu
Krimich Il dosSlo k vyraznému poklesu teploty (obr. 5.3). Nejvétsi pokles nastava
v prvnich letech provozu tepelného cerpadla. Podle modelovych vysledkd by odbér

takového mnozstvi energie nebyl mozny.
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Obrdzek 5.3: Pokles teplot na pldsti télesa tepelného vyméniku — simulace dlouhodobého
odbéru 10kW

Pfi simulaci dlouhodobého obéhu média o teploté 10°C v télese tepelného
vyméniku vychazi pokles teploty v jeho okoli pfiblizné 0.5 °C (Obr. 5.4). MnoZstvi
odebirané tepelné energie vychdazi 4.7 kW. Z dlouhodobého hlediska, kdy pokles

teploty trva stovky let (obr. 5.4), je ovlivnéni teplotniho pole zanedbatelné.
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Obrdzek 5.4: Pokles teplot v okoli tepelného vyméniku — simulace dlouhodobého obéhu
media o teploté 10 °C

Dlouhodoby odbér 20 l.s?, ktery simuluje sezénni odbér 40 l.s ddlnich vod,
z prostoru zatopeného dolu Krimich Il zpUsobi pokles piezometrického napéti

podzemni vody aZ na uroven dulnich chodeb (Obr. 5.5, 5.6).
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Obrdzek 5.5: Modelové izolinie hladiny podzemni vody (modré linie) pri simulovaném
dlouhodobém odbéru 20 I.s* podzemni vody pro tepelné Eerpadlo

Odbér podzemni vody zpusobi nevyznamny pokles teploty podzemni vody. V oblasti

odbéru dojde ke snizeni teploty priblizné o 1 °C (Obr. 4.4).
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Obradzek 5.6: Piezometrické hladiny podzemni vody (m n.m.) a izolinie zmény teplot (°C)
vyvolané odbérem 20 |.s™

Pfi uvaZeni sezdonniho odbéru 40 l.s? (topnd sezdna), by pfi snizeni teploty
odebirané vody vyméniky tepelného cerpadla o 10 °C a pfi uvaZovani tepelné

kapacité vody 4168 J1.kg'.°C%, bylo moZné odebirat cca 1.66 MW.
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5.2 Posouzeni vyuziti hydrogeologickych struktur obsahujici termalni

vody doly pro energetické ucely

5.2.1 Publikované prace

REC, IF - google scholar, index copernicus,

Baier, J., Uhlik, 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 Komentar k publikovanym pracim
Podle Datla (2005) je BUZS jednim z nejvétsich rezervoarl podzemni vody v CR.

Teploty podzemni vody dosahuji aZ 40 °C. Termalni vody v oblasti Dé¢inska a Ustecka
byly objeveny pomérné neddvno. Pfed pocatkem jejich vyuzivani bylo jejich proudéni
velice pomalé az stagnuijici. Po zacatku odbérl (zejména pro vytapéni nebo méstska
koupalisté) doslo k regionalni zméné smérd a rychlosti proudéni. Je tedy otazkou,

jaky vliv maze mit ovlivnéni na teplotu termalnich vod v budoucnu.

'g

Obrazek 5.7: Geologické zlomy v oblasti BUZS: 1 — Krusnohorské zlomové pole, 2 — Stfedohorské
zlomové pole (2a — Stézsky zlom, 2b — Ceskolipské zlomové pole, 2c — Ustécky zlom, 2d — Libochovicky
zlom), 3 — MalesSovsko-Okresicky zlom, 4 — Valkerficky zlom, 5 — Radecsky zlom, 6 — Kerharticky zlom, 7 —
Ceskokamenické zlomové pole 8 — Svorsky zlom, 9 — Dé&inské zlomové pole, 10 — LuZicky zlom, 11 —
Libochovicky zlom, 12 — Zitenicky zlom, 13 — Skalicky zlom, 14 — Bechlejovicky zlom, 15 — Doubické
zlomové pole

V kfidovych sedimentech BUZS jsou vyvinuty aZ 3 kolektory s mezilehlymi izolatory.
Napfi¢ ¢etnymi zlomy (Obr. 5.7) mUZe dochazet k horizontalnim pretokim podzemni

vody mezi rozdilnymi kolektory. V nejvétsSim z tokl (Labe) nelze dynamické zasoby
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podzemnich vod stanovit mérenim. Roc¢ni srazkové uhrny v nejvyssich mistech terénu

Zdrojem podzemnich vod je vyhradné srazkova infiltrace. Rocni srazkovy uhrn
v pfitomnych srazkomérnych stanicich kolisd v rozmezi 509 mm — 1015 mm a je
zavisly na nadmorské vysce terénu (Nakladal et al.,, 1987). V nejvySe polozenych
partiich modelu dosahuje infiltrace hodnot pfiblizné 8 l.s*.km=2. Primérna infiltrace
v celé modelové plose je pfiblizné 4 I.s1.km=.

Uvedeny vycet zakladnich parametrd modelového uUzemi ovlivnil vyslednou
koncepci modelovani. Vzhledem ke komplikovanym pomériim proudéni podzemni
vody, byl pro modelovani proudéni podzemni vody zvolen ovéfeny numericky kod
MODFLOW2000 (Harbaugh et al., 2000). Vzhledem ke vzajemné kompatibilité, byl
modelovani Siteni tepla vyuzit program MT3DMS (Zheng a Wang, 1999). Model byl
zpracovan pro regiondlni Gzemi s rozlohou 1581 km?2. V modelu proudéni byl
aplikovan novy postup zadani hydraulickych charakteristik, které jsou automaticky
vypocteny v modulu MODFLOW HUF - Hydrogeologic Unit Flow (Anderman and Hill,
2000). Odbéry podzemni vody zjimacich vrtd byly simulovany pomoci modulu
MODFLOW MNW1 (Halford, K.J., Hanson R.T., 2002). Zadané modelové odbérové
mnozstvi je modulem MNW1 rozdéleno do jednotlivych bunék otevienych usek( vrt(
tak, aby piezometricky tlak podél otevieného useku vrtu byl konstantni.

Kalibrace modelu proudéni podzemni vody podle hladinového a bilanéniho kritéria
probéhla zpracovanim tfi variant stacionarnich simulaci. Modelové hodnoty
hydraulickych vysek byly porovnany se zndmymi udaji hladin v daném obdobi.

V prvni varianté (Varianta 1) byly simulovany poméry proudéni v obdobi pred
zahdjenim odbérl podzemni vody ze struktury.

Ve druhé varianté (Varianta 2) byly simulovany poméry proudéni podzemni vody
v obdobi pfi maximalni exploataci struktury. Celkem byla modelova hladina
porovnana s nékolika desitkami méfenych hladin ve vrtech, shromdaZdénych
Nakladalem et al. (1987). Modelové hladiny artézskych zvodni v drendznich oblastech
maji shodu s méfenim do 5 m. V oblastech rozvodnic byly pfipustény i vétsi rozdily

(Obr. 5.8).
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Obrdzek 5.8: Porovndni mérenych hladin a rozdilGi mérenych a modelovych hladin podzemni
vody (varianta 2)

Kalibrace podle pritokového kritéria (Obr. 5.9) byla uplatnéna ve druhé varianté
simulace, kdy modelové drénované mnozstvi podzemni vody v jednotlivych Usecich
fiéni sité bylo porovndvano se zmérenymi hodnotami pfi expedi¢nim zaméru pritok

ve vodotedich.
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Obrazek 5.9: Porovndni mérenych a modelovych pritok( v povrchovnych tocich (varianta 2)

Ve treti varianté (Varianta 3) byly simulovany poméry proudéni podzemni vody pfi
soucasnych pramérnych odbérech.

Z vysledkli modelovani vyplynulo, Ze vzhledem ke kerné tektonické stavbé
zajmového Uzemi jsou piezometrické vysky proudéni podzemni vody v bazalnim
kolektoru A a v hlavnim kolektoru BC na pfriblizné shodné uUrovni. Tento jev je
zplUsoben tim, Ze vySka tektonického skoku na jednotlivych zlomech obvykle

prevysSuje mocnost bazalniho zvodnéného kolektoru.
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Vysledky dale ukazaly, Ze kerna stavba a komplikovany systém pretékani podzemni
vody mezi hlavnim a bazalnim kolektorem vylucuje izolovany obéh podzemni vody
v kolektoru A a téZz vylucuje, aby doslo k vétSim tlakovym rozdilim mezi obéma
kolektory. Tento zavér je v souladu s pozorovanim, kdy bylo zjisténo, Ze maximalni
rozdil piezometrickho napéti mezi bazalnim a hlavnim kolektorem byl v modelové
oblasti pouhych 10 m.

Zasadni komplikaci pfi modelovani dané struktury je, Ze zde dochazi k masivnim
odbérlim podzemnich vod pro zasobovani pitnou vodou. Odbéry podzemi vody
v obdobi nejvétsi exploatace struktury v oblasti Usti nad Labem a Dé&¢&ina dosahovaly
hodnot 147 I.s* a 27 I.s’X. Znaéné odbéry podzemnich vod vyvolaly v oblasti Dééina a
Usti nad Labem pokles tlaku artézskych kolektord ABC a AB (Obr. 5.10) a7 0 55 m.

Zajimavé je, 7e voblasti Ceské Lipy, kde kolektor BC neni artézsky, vyvoldva
dlouhodoby odbér podzemnich vod v hodnoté 238 I.s* poklesy hladiny do 8 m.
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Obrdzek 5.10: Modelové izolinie hladiny podzemni vody (varianta 2) a sniZeni hladiny
podzemni vody vyvolané odbéry podzemni vody

Modelovani proudéni tepla bylo zpracovano pro vSechny zminéné varianty simulaci
proudéni podzemni vody, liSici zejména ve velikosti odbérd podzemni vody. RozloZeni
teplot, vypoctené pro neovlivnény rezim proudéni podzemni vody (Varianta 1), bylo
ve variantach 2. a 3. zadano jako pocatec¢ni podminka.

Pri zadani parametrd pro vypocet Sifeni tepla se vychazelo z doporuceni, které
publikoval Thorne et al. (2006b). Vliv teploty na hydraulické parametry horninového

prostiedi (hydraulickou vodivost) i na vlastnosti vody (predevsim viskozitu a hustotu),
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a na tepelné charakteristiky (tepelnou vodivost a specifickou tepelnou kapacitu), byl v
analyzovanych scénatich zanedbdan. Pfedpokladalo se, Ze teplota podzemni vody se
méni pouze o jednotky °C a hydraulicky potencidl je prevdainé urcovan
geomorfologickym vySkovym vztahem mezi infiltraCnimi oblastmi a drendznimi
bazemi.

Dale se predpokladalo, Ze koeficient tepelné vodivosti (spole¢né s tepelnym tokem)
je v podminkach, kdy nedochazi k proudéni podzemni vody, dan nartdstem teploty
podzemni vody smérem do podloZzi. Ve srovnani s mnoistvim informaci o
hydraulickych vodivostech byla informace o tepelné vodivosti horninového materidlu
sporadicka. Vzhledem k nedostatku informaci o prostorovém rozlozeni koeficientu
tepelné vodivosti ve vazbé na jednotliva souvrstvi, byl vysledné zvolen zjednodusujici
postup, spocivajici v tom, Ze byl tento koeficient v celém prostoru modelu zadan jako
konstantni hodnota ve vysi 1.66 W.m™.°C,, coZ odpovida vlastnosti zvodnénych
kolektord.

Obdobné omezeni vrozsahu informaci nezbytnych pro sestaveni modelu se
vztahuje i na koeficientu specifické tepelné kapacity. Diky nedostatku objektivné
zjisténych hodnoty byl pro celou oblast modelovaného Uzemi zadan pro horninovou
matrici koeficient tepelné kapacity o hodnoté 920 J.kg™*.°C.

Pro potreby kalibrace modelu tj. porovnani shody mezi méfenymi a vypoctenymi
teplotami byly vyhodnoceny vysledky méreni teplot vody ve vrtech v modelovém
uzemi (Obr. 5.12). Grafické porovnani mérenych teplot a modelovych teplot je na
obrazku 5.11. Vysoka shoda mezi vysledky modelovani a méfeni byla dosaZena
v oblasti Usti nad Labem a v oblasti Dé&ina. Modelové odchylky teplot v téchto
oblastech neprekracuji 3°C. Nejvétsi rozdily méreni a modelu se vyskytuji v centralni
oblasti mezi Ceskou Lipou a Dé&inem, kde jsou modelované teploty oproti vysledkiim
ovlivhovany dynamikou proudéni podzemni vody vdaném misté. V mistech
pozorovanych rozdild existuje podle empirickych zkuSenosti sestupné proudéni
podzemni vody az do bazdlniho kolektoru. Redlné se muzZe v téchto lokalitach
vyskytovat i mirny pretlak bazalniho kolektoru A oproti hlavnimu kolektoru BC. Za
takovychto podminek proudéni neni bazdlni kolektor A sestupnym proudénim

ovlivhovan.
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Obrdzek 5.11: Porovndni mérenych a modelovych teplot -Varianta 2

Plosné rozdéleni pramérnych vertikalnich teplot v kolektoru BC je zobrazena na
(blizko k terénu) a v infiltracnich oblastech. Naopak nejvyssi teploty podzemi vody
jsou dosahovany v oblastech spomalym obé&hem podzemni vody (Ustecko) a
v oblastech nejvice zakleslych tektonickych ker (oblast BeneSova nad Ploucnici), kde
se nachazi baze kridovych sedimentl ve hloubkach nad 900 m.
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Obrdzek 5.12: Simulované tepelné pole v kolektoru BC - varianta 1

V oblasti BZUS byl také blize zkouman vliv proudéni podzemni vody na rozloZeni
teplotniho pole. Z hlediska méreni teplot podzemni vody a stanoveni tepelného toku
je oblast BUZS jednou z nejlépe prozkoumanych oblasti Ceské kridové panve.
Stanovenim tepelného toku na Uzemi ceské kfidové panve se podrobné zabyval
napiiklad Marusiak a Cermak (1988) in Ibrmajer a Suk (1989) nebo Myslil (2007).

V nedavné dobé se stanovenim tepelného toku v oblasti BUZS podrobné zabyvala
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Jirdkova et al. (2001). Ta pomoci mérenych vertikalnich profilG ve vybranych vrtech a
naslednou interpolaci s uvdzenim vzdalenosti od povrchu stanovila velikost tepelného
toku v celé oblasti BUZS a vysledny tepelny tok vychazi mens$i nez 50 mW.m?
v infiltraénich oblastech a pfesahujici 70 mW.m2v drenéznich oblastech.

Vliv proudéni podzemni vody na rozloZzeni tepelného pole byl uréen z rozdilu
modelovych variant simulujici stav bez a s proudénim podzemni vody. Stav bez
proudéni podzemni vody byl simulovan modelovou variantou, ve které byla zadana
1000x mensi hydraulickd vodivost a infiltrace podzemni vody. Nejvétsi rozdily teplot
dosahujici az 20 °C byly vypocteny v infiltracnich oblastech. K vyraznému narustu
teplot by pfi minimalizaci proudéni podzemni vody rovnéz doslo v nejhlubSich
¢astech BUZS v oblasti mezi Ceskou Lipou a Dé&inem (Obr. 5.13).
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Obradzek 5.13: Zmeény teploty podzemni vody (°C) v kolektoru A vyvolané proudénim
podzemni vody

Pomoci simulovanych odbérd podzemni vody byl stanoven jejich vliv na proudové a
teplotni pole. Nejvétsi odbéry byly realizovany v 80. letech minulého stoleti.

Predikovany pokles teploty podzemni vody vychazi v fadech prvnich jednotek °C
(Obr. 5.14). Casové méfitko zmén, které vyrazné presahuje stovky let, potvrzuje
realnd pozorovani, kdy nebyl doposud zaznamenan vyrazny pokles teplot podzemni

vody.
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Obrdzek 5.14: Simulovany pokles teploty podzemni vody vyvolany nejvyssimi realizovanymi
odbéry ze struktury BUZS

Dalsim cilem modelovych praci bylo urcit potencidlni mozné navyseni odbérd
podzemni vody, které by bylo mozZné vyuZivat pro energetické ucely. Limitnim
kritériem pro stanoveni velikosti maximalnich odbér( bylo zachovani vytla¢né urovné
artézskych kolektort nad urovni ficni sité. V tomto pripadé by neméla nastat moznost
praniku znedcistujicich latek z oblasti kvartérnich sedimentli smérem do podlozi.
Souhrnné, nejvyssi moiné odbéry podzemni vody v oblasti Ustni nad Labem a Décina
byly modelem stanoveny na 275 l.s'a 44 |.s.

Numericky stanovené rozloZeni tepelného pole odpovidajici méfenym teplotam
bylo docileno zaddnim tepelného toku v rozmezi 70 — 80 mWm™2. Oblasti vyskytu
teplejSich vod jsou dany spiSe vertikalnim proudénim podzemni vody smérem
z hlubsich ¢asti panve do drenaznich oblasti, nez zonami s vy$sim tepelnym tokem

Zemeé.
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5.3 Posouzeni vyuziti uhelnych odvala pro energetické tcely

5.3.1 Publikované prace

IF

KaluZni€inova, S., Strakovd, H., Baier, J. and Chrastny, V., 2013. The coal heap as an
energy source — calculation of its utilization potential based on a model.
International Journal of Qil, Gas and Coal Technology, ISSN online: 1753-3317,
ISSN print: 1753-3309, under review.

5.3.2 Komentar k publikovanym pracim
Méreni emisi CO; a teploty vybranych hald byl v letech 2010 az 2012 realizovédn

CZU na 4. lokalitdch — A (k. 0. Zacléf — odval dolu Jan Sverma), B (k.u. Zacléf — odval
Eligka), C (k.U. Markou3ovice, odval dolu Ignac), D (k.U. Radvanice v Cechach, odval
dolu Katefina).

S cilem zhodnoceni energetického vyznamu téchto hald a védeckého ovéreni
moznosti vyuZiti matematického modelovani, byl vytvofen matematicky model
vyvoje teplotniho pole na lokalité B (k.U. Zacléf — odval Eliska), nebot zde byly
nameéreny vysoké teploty a lze predpokladat, Ze halda ma nejvétsi energeticky
potencial. Vysledky méreni ukazaly, Ze teploty na povrchu haldy dosahovaly az 70°C.

Na simulaci Sifeni tepla zvolen matematicky model SHEMAT a pre a post procesor
ProcessingSHEMAT (Clauser 2003).

Pro danou lokalitu byla vymezena modelovand oblast o ploSe 340x160 m, kterd byla
diskretizovana pravidelnou siti o 136 rfadek a 64 sloupcl s délkou kroku modelového
bloku 2.5 m. Ve vertikdlnim sméru je model rozdélen na 43 vrstev s proménlivou
mocnosti. Schématicky koncept s urcenim rozhodujicich faktorl je zobrazen na
obrazku 5.15. Prosttedi nad haldou (v zavislosti na poloze) je rozdéleno do 10. vrstev
smocnosti od 0,5 do 10 m. Vlastni téleso haldy je rozdéleno do 25 vrstev
s mocnostmi od 0,15 do 1m. Nejmensi mocnosti vypoctovych vrstev jsou zadany
v mistech mérenych teplot a na styku halda/vzduch a halda/podloZni hornina.
Celkova mocnost haldy je 13,2 m. PodlozZi haldy je rozdéleno do 7 vrstev s mocnostmi

od 1do 10m.

41



Hlavnim cilem modelovych praci bylo pomoci numerického modelu zhodnotit
objem potencionalné vyuZitelné energie pro energetické ucely a moZnou dobu
vyuzivani haldy.

Metodika modelovych praci vychdazela z pfedpokladu, Ze velikost mérenych teplot je
déana intenzitou energie proudici z t&lesa haldy a klimatickymi poméry. Uéelem bylo
kvantifikovat velikost tepla tak, aby teploty mérfené odpovidaly teplotam modelovym.

V ramci kalibrace stacionarniho modelu byly ménény parametry prostfedi a velikost
doddvaného tepla tak, aby bylo dosazeno maximalni shody méfenych a modelovych
teplot. Po kalibraci staciondarniho modelu bylo pouzito vypocitané tepelné pole jako
pocatecni podminky pro transientni simulace, u kterych dojde k vypnuti okrajovych
podminek simulujicich dotaci tepla do systému. Pomoci transientnich simulaci byla
ur¢ena doba, za kterou dojde k ustaleni podminek v ptipadé, Zze by nedochazelo
(kromé ptirozeného tepelného toku zemé) k dotaci tepla. Je tak uréen nejkratsi

mozny interval vyuzivani haldy pro energetické ucely.

Air, T=Const= year average

Air properties -thermal contuctivity, capacity

Q - rain infiltration *
HEAP - thermall properties
of deposited materials with
respect to porosity and

Heat source - Q is charfing ro
each measured temperatures
on the top of the heap

SCTR o

Terestial heat flow, Q=const=60mV/m?

t + ¢+ + + 1

Obrdzek 5.15: Schéma konceptu simulované haldy
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Pfirozeny tepelny tok 60 mW.m2 je simulovan okrajovou podminkou druhého typu
zadanou do 43 modelové vrstvy (bdaze modelu), charakterizovanou konstantnim
pfisunem tepelné energie do modelu.

Okrajovou podminkou 2. typu zaddnou do 35 modelové vrstvy je simulovana dotace
tepla uvnitf haldy. Velikost okrajové podminky byla béhem kalibrace matematického
modelu ménéna tak, aby doslo k co nejlepsi shodé mérenych a modelovych hodnot.
Vyslednd hodnota dotace dosahuje tUrovné 5.3 kW na plochu 100m2. Odbér tepla je
simulovan pomoci okrajové podminky 1. druhu zadané do 1. modelové vrstvy a
predstavuje dlouhodoby primér atmosférické teploty pro lokalitu.

Ve tretim prikladu, byl vypocty ocenén znacny energeticky potencidl haldy Eliska.
Soucasna dotace tepla z vysledkd numerického modelu vychdazi nejméné 5.3 KW.

Pfi modelovani byl uréen vyvoj teploty v télese hotici haldy v ptipadé, ze by
nedochdzelo k dalsi dotaci tepla (s vyjimkou pfirozeného toku zemé). Nejrychlejsi
pokles teploty nastdava v prvnich letech od ukonceni dotace tepla do haldy (Obr.
5.16). Jesté po 20. letech po ukonceni dotace tepla prekracuje teplota v télese haldy
20°C. Tésné pod povrchem haldy dojde k poklesu teploty na 10°C po cca 10 letech.
ZmensSeni parametru tepelné vodivosti, zejména v prvnich letech zpomaluje pokles

teplot. Podobné je tomu pfi zvétseni tepelné kapacity.
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Obrazek 5.16: Simulovany pokles teploty v télese haldy pfi neexistenci zdroju tepelné energie
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6 Diskuze

V publikovanych pracich je hodnocena moznost vyuziti numerického kodu MT3DMS
pfi uvedenych vypoctech, ktery se béZiné nepouziva pfi simulaci Sifeni tepla. Proto
byla ovéfovana moznost vyuzit tohoto kodu spolecné s postupem rozpracovanym na
zakladé metody analogie fyzikalnich poli, ktery publikoval Thorne et al. (2006a a
2006b).

Na testovacich ptikladech byla nejprve zkoumana zejména bilanéni stabilita
numerickych feseni, nebot Thorne (2006a) ovéroval aplikovatelnost jim navrzeného
postupu pouze v ramci laboratornich pokusd, a Méndez (2010) pouze pfi hodnoceni
Sifeni tepla v pfimé blizkosti jednoho vrtu s tepelnym vyménikem. Zadna z téchto a
ani jinych dostupnych pracich nebrala v dvahu vliv sloZitych hydrogeologickych
podminek v regiondlnim méritku.

Protoze feseni uloh Siteni tepla vyzaduje progndzni zhodnoceni hydrodynamickych
podminek, byl pro simulaci proudéni podzemni vody wvyuZit numericky kod
MODFLOW2000. Podle (Adamse, 2000), nebo Rapantové (2007) ma vsak vyuziti
MODFLOW, a dalSich numerickych kédu, zaloZzenych na popisu proudéni podzemni
vody v zatopenych dllnich dilech vyznamnd omezeni. Zvlastnosti typu feSenych
téchto uloh je, Ze proudéni podzemni vody v hydrogeologickych systémech
ovlivnénych dilnimi dily, které vytvareji velmi komplikovany heterogennich systém
(chodby, rozrazky, zavalovd pasma, vertikalni dila) v némz, diky antropogennimu
narusSeni tézbou, za urcitych podminek dochazi k turbulentnimu proudéni podzemni
vody, a tim k naruseni linearity definované Darcyho zdkonem. Naproti tomu v okoli
dllnich dél dochazi v horninovém prostfedi zpravidla k pomalému proudéni
podzemni vody, ovlivnéném zejména polohou infiltracnich a drenaznich oblasti. Pro
simulaci proudéni dulnich vod pfimo v dualnich dilech je tedy nutné pouZzit numerické
kddy, ve kterych je mozné simulovat jak volné proudéni vody analogické proudéni v
kanalizaci, tak i Darcyovské proudéni v okolnich hydrogeologickych télesech.
Rapantova (2007) spravné upozornuje, ze vliv turbulentniho proudéni v otevienych
dllnich prostorech ma pouze lokalni charakter. Obecné plati, Ze se naruseni linearity,
diky velkym lokalnim rychlostem pfitok(i vody do vrtd a otevienych dulnich prostor,

projevuje hlavné pfi Cerpani podzemnich vod z dllnich dél ¢i v jejich blizkosti. To
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umoznuje vyuziti MODFLOW pfi progndznich vypoctech proudéni podzemni vody
v regionalnim ¢i subregiondlnim méfitku.

podminuji rezim a prostorové zvlastnosti proudéni podzemni vody ve zvodnéném
horninovém prostiedi koeficient horizontalni a vertikaIni hydraulické vodivosti kf(m.s
1). Jeho velikost je mimo jiné zavisla na teploté podzemni vody, kdy hydraulicka
vodivost prostfedi s podzemni vodou o teploté 40 °C by podle Waesta et al. (1989)
méla byt az dvojnasobné vyssi nez hydraulické vodivosti prostifedi pti teploté 10°C,
coz je béZna teplota podzemnich vod nachdzejicich se v hloubkach do cca 30 m. Pfi
sestavovani konceptudlniho modelu je tedy nutné brat Uvahu parametry mérené
pfimo v terénu. Vyznamné je, Ze se zménou teploty vody se méni i jeji hustota. Se
zvysujici se teplotou hustota klesa. Rozdil v hustoté vody o teploté 4°C a teploté
100°C jsou pfiblizné 4%. Blize se vlivem hustoty na proudéni vody zabyvali napfiklad
Ondovic a Mls (2007).

V redlnych pfirodnich podminkdach existuji pfipady, kdy je nutno tuto zavislost brat
pfi modelovani a pfi souvisejicich progndznich vypoctech Siteni tepla i proudéni vody
na zfetel, nebot rozdily v hustoté podzemni vody mohou ovlivnit lokalné i regionalné
sméry jejiho proudéni. Vliv teploty na proudéni podzemni vody se mlze projevit
zejména za neovlivnénych a relativné ustalenych podminek, kdy dochazi ke
stratifikaci podzemni vody na zakladé jeji hustoty (zejména v otevienych dulnich
prostorech). Pfi této teplotni diferenciaci mize dojit k proudéni ddlnich vod, zvlasté
ve vertikalnich dilech. Tento vliv je oviem omezen rozdilem potencidld podzemni
vody danych polohou infiltracnich a drenaznich oblasti a dalSimi faktory, napf. tvarem
dllnich dél, jejich vzajemnym propojenim. Proudéni podzemni vody pfitom ovliviuji
lokalni odbéry dalnich vod, jejich vytok na povrch pres stoly atp. Vliv téchto faktor(
byva vyssi nez vliv teplotni a hustotni stratifikace.

Zakladnimi teplotnimi charakteristikami horninového prostfedi jsou tepelnd
vodivost kr (W.m™2.°C?) a specificka tepelnd kapacita Cp (J"*.kg™.°C?). Hodnoty obou
parametrd jsou rovnéz zdvislé na teploté. V pripadé simulaci, kde rozdil teplot
nepresahuje desitky, aZz stovky °C jsou zmény parametrl vyvolané rozdilnymi
teplotami zanedbatelné. V feSenych uUlohdch na vybranych zajmovych Uzemich

prevazuje vliv regiondlnich hydrogeologickych podminek, a proto bylo moziné vliv
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teploty na vlastnosti podzemnich vod a horninového masivu zanedbat. Uréenim
parametrd tepelné vodivosti a specifické tepelné kapacity pro r(izné horniny se
zabyvali napfiklad (Cermak a Rybach, 1982) nebo (Clauser a Huegens, 1995). Tepelnd
vodivost a specifickd tepelnd kapacita horninového prostfedi jsou vyznamné
ovlivnény jeho poérovitosti. ProtoZe jsou pory (nebo pukliny) vétSinou nasyceny
vodou, s rostouci porovitosti vyrazné stoupa tepelna kapacita horninového prostredi.
V pripadé tepelné vodivosti je tomu naopak. Zadavené velikosti obou parametrd do
modelového feSeni tedy musi tuto skutecnost respektovat. PouZitd metodika
stanoveni velikosti obou parametr(i na zakladé vaZenych prlimérQ je publikovana
napriklad Thornem (2006a).

Dalsi vyznamnou veli¢inou, kterou je nutno pfi numerickém modelovani vzit na
zfetel je pfirozeny tepelny tok Zemé. Tepelny tok lze zpravidla spolehlivé urcit
vypoctem z méreného vertikalniho teplotniho profilu ve vrtu. Ve vrtu nesmi pfitom
dochazet k vertikdlnimu proudéni podzemni vody ani k teplotni stratifikaci vody, coz
je podminka, kterd pfi nespravné konstrukci hodnoceného vrtu i technickych
zavadach, nemusi byt splnéna. V oblastech, kde nejsou k dispozici namérené teploty
podzemni vody ve vice monitorovacich bodech, lze alespon k pfibliznému urceni
tepelného toku vyuZit mapy tepelného pfirozeného tepelného toku. Pro podminky
Ceské republiky Ize pouZit napt. publikovanou mapu zpracovanou Myslilem (2007)
nebo Blazkovou (2011).

Pro simulaci redlnych hydrogeologickych podminek a posouzeni ovlivnéni
regionalnich pomérli podzemni vody v hodnocené struktufe je nutné pouzit
numerické kody, které umoznuji simulaci dalSich faktorl a to napt. vliv srazkové
infiltrace, vlivu vodnich tok( pfipadné intenzivné zvodnénych tektonickych pasem,
vliv ¢erpani ¢i volny odtok podzemni vody z dilnich dél. PouZitelné programy tak
musi mit nastroje pro zpracovani komplexni bilance podzemni vody a tepla
v hodnocené strukture Ci jeji ¢asti.

V publikovanych ¢lancich a v disertacni praci se proto zabyvame zejména popisem
simulace proudéni podzemni vody a tepla pomoci numerickych kédid MODFLOW
(Harbaugh, 2000) a MT3DMS (Zheng, 1999), které jsou volné dostupné.

Z metodického hlediska byly testovaci Ulohy moznosti vyuziti numerického kédu

MT3DMS ovérovany na jednoduchych fiktivnich modelech, kdy dosazené vysledky
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byly porovnavéany s vysledky analytickych vypoctl. Pfi dosazeni shody mezi obéma
metodami, byla metoda v dalsim kroku aplikovana na podminky vybraného Uzemi
(jizni casti plzerniské panve, beneSovsko-ustecky zvodnény systém). Pfi kalibraci
numerickych model( proudéni vody v danych strukturach bylo pouzito hladinového a
bilanéniho kritérium. Kalibrace proudéni tepla byla provedena pomoci porovnani
modelovych a v terénu mérenych teplot.

V prvnim prikladu, byl pfi simulaci proudéni podzemni vody v jizni ¢asti plzeriské
panve vyuzit vramci numerického kédu MODFLOW vyuzit modul LPF (Harbaugh,
2000), kde je modelové Uzemi vertikalné rozdéleno do vrstev predstavujici jednotlivé
geologické jednotky. Pretékani vody mezi jednotlivymi vrstvami bylo simulovdno
pomoci zadaného parametru vertikdlni hydraulické vodivosti (blize manual
MODFLOW 2000, Harbaugh, 2000)).

V druhém prikladu, pfi simulaci oblasti BUZS, ktera je v porovndni s predchazejicim
prikladem vyrazné sloZitéjsi, bylo nutno nejprve resit otazku strukturniho rozclenéni
modelu, nebot cely hydrogeologicky komplex je vyznamné ovlivnén zlomovou
tektonikou, kdy doslo k postsedimntarnimu tfisStivému tektonickému ovlivnéni. Baze

kfidovych sedimentt je tudiz znacné proménliva (Obr. 7.1).

Model area

-~  Stream

Obrdzek 7.1 Bdze kridovych sediment (PROGEO s.r.o)
Tektonickymi posuny jednotlivych geologickych souvrstvi dochazi k vertikalnimu i
horizontalnimu pretoku podzemni vody mezi jednotlivymi geologickymi jednotkami

(Obr. 7.2).
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Obrazek 7.2: Schéma priibéhu hydrogeologickych téles a pretoku podzemni vody

K simulaci proudéni podzemni vody tedy nelze vyuZit rutinné pouzivané moduly
(BCF, LPF). Vertikalné bylo nutné modelové Uzemi rozdélit odliSné od geologické
stavby Uzemi. Proto byl vyuZit modul MODFLOW HUF - Hydrogeologic Unit Flow
(Anderman and Hill, 2000), ktery umoziuje zadani hydrogeologickych charakteristik
jednotlivych geologickych jednotek pfi modelové vertikalni diskretizaci odliSné od
geologické. Pfi mocnosti hlavniho kolektoru BC 450 m a pfi velikosti termického
stupné 30 m se v ramci kolektoru mezi bazi a stropem muize vyskytovat rozdil tepoty
podzemni vody 15°C. Simulace S$ifeni tepla rovnéz vyZaduje detailnéjsi vertikalni
diskretizaci modelového prostoru. Vysledné je prostor modelu diskretizovdan pomoci
21 modelovych vrstev. Baze modelu je vedena v oblasti krystalickych hornin podlozi
kfidy tak, aby mohl byt simulovan pfirozeny konduktivni tepelny tok Zemé do
kfidovych sedimentu.

Vliv slozité hydrogeologické struktury se projevuje i pti simulaci realizovanych
odbérli podzemni vody, kdy vrty mohou propojovat vice kolektor(. Pfi standardnim
zadani odbérd pomoci modulu WELL programu MODFLOW prakticky nelze dodrzet
pozadavek, aby tlak podzemni vody podél otevieného uUseku vrtu (i v ptipadé
propojeni vice kolektor() byl priblizné konstantni. Ztoho ddvodu byly odbéry
podzemni vody zjimacich vrtl simulovany pomoci modulu MODFLOW MNW1
(Halford, K.J. a Hanson R.T., 2002). Zadané modelové odbérové mnozstvi je modulem
MNW1 rozdéleno do jednotlivych bunék otevienych Usekl vrtl tak, aby

piezometricky tlak podél otevieného Useku vrtu byl konstantni.
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Ve tretim pripadu, vzhledem k vysokym mérenym teplotam, nebylo mozné pfi
vypoctech tepelného toku vyuZit jiz vySe zminénou metodu analogie publikovanou
Thornem (2006). Proto byl k simulaci Siteni tepla zvolen matematicky model SHEMAT
a pre a post procesor ProcessingSHEMAT (Clauser 2003), ktery v praxi aplikoval
napfiklad Vedova (2008). Oproti tomu, Program SHEMAT nemohl byt aplikovan na
simulaci predchozich dvou priklad(, protoze, jak ukazalo testovani, nema ndastroje
k vérohodnému simulovani proudéni podzemni vody v regiondlnim méfitku, zvlasté
v komplikovanych hydrogeologickych strukturach.

Jednou z nejvétSich nezndmych vstupujici do numerického modelu jsou teplotni
charakteristiky télesa haldy. Material byl na uhelné haldy ukladan v priibéhu
desetileti a v pfipadé haldy Eliska nebyl druh ani objem uklddanych materialQ
zaznamenavan. Teplotni charakteristiky (tepelnd vodivost a tepelnd kapacita) byly do
modelu zadany tak, aby alespon pfiblizné reprezentovali vlastnosti parametr(
jednotlivych ulozenych materiall, objemu vzduchu a vody v poréznim prostredi. Ke
zmenseni nejistot spjatych s nezndmymi teplotnimi parametry byl proveden jejich
scaling a vysledky byly prezentované pro rizné hodnoty zadanych parametru.

Z metodického hlediska reseni ukazala, Ze pfi aplikaci numerického kodu MT3DMS
na simulaci proudéni tepla v oblasti hydrogeologického systému obsahuijici zaplavené
doly a slozitého hydrogeologického systému obsahujici vyznamné geologické zlomy,
které ovliviuji regionalni poméry proudéni podzemni vody a Sifeni tepla, byla
prokdzana jeho pouZitelnost. Popsand metoda ovsem muizZe byt pouZita pouze
s pfihlédnutim k urcitym zjednodusenim:

e proudéni podzemni vody neni vyznamné ovlivnéno teplotou a hustotou,

e nedochazi k turbulentnimu proudéni podzemni vody,

e proudéni podzemi vody je prllinové, nebo Ize v pripadé puklinového proudéni
vyuzit metodu ekvivalentniho kontinua,

e zmény teplot podzemni vody a horninového prostfedi v jednotlivych
simulovanych variantach se pfilis neméni — hydraulické a teplotni parametry
jsou v prabéhu simulaci konstantni,

e teplota podzemni vody a horninového masivu jsou v rovnovaze.

Jak je zfejmé z obrazku 6.1, vyuZiti okrajové podminky 2. druhu na simulaci
konstantniho odbéru tepelné energie dava nerealistické vysledky (pokles teplot pod 0
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°C). Ve skutecnosti by teplota podzemni vody v okoli tepelného vyméniku neklesla
pod teplotu média, které by ve vyméniku obihalo. Vysledek lze interpretovat tak, Ze
za stdvajici podminek by takovy odbér tepelné energie nebyl mozny. PouzZiti tohoto
zplGsobu simulace neni zcela presné.

Nejvétsi nejistotu jsou ve vysledcich numerickych modeld proudéni tepla zadané
velikosti tepelnych parametr(. V porovnanim s hydraulickymi charakteristikami
prakticky nedochazi k méreni tepelnych vodivosti nebo kapacit pfimo vterénu.
Hodnoty parametr( byli do numerickych modell zadany na zakladé hodnot zjisténych
z reSersnich praci, a byly ve vétsiné pripad( urcéeny v laboratornich podminkach.

Jak jiz bylo uvedeno, vliv teploty na hustotu vody a na vlastnosti horninového
prostfedi byly pfi vypoctech zanedbany. V pfipadé nutnosti simulace proudéni
podzemni vody ovlivnéného hustotou nebo teplotou je v soucasné dobé moziné
pouzit aktualizovany program SEAWAT (Langevin et al.,, 2007), vychazejici
z numerického kddu MT3DMS. Shoemaker et al. (2008) publikovaly CPF modul, ktery
je kompatibilni s programem MODFLOW 2005 (Harbaugh, 2005) a umoZiuje
simulovat turbulentni a lamindrni proudéni podzemni vody. V neddvné dobé Panday
et al. (2013) zverejnili aktualizaci numerického kddu MODFLOW, kterd umoznuje
lokdlni, nepravidelné zhusténi vypocetni sité, které by mohlo vyrazné zpresnit
vypolty proudéni podzemni vody v hydrogeologickych strukturach obsahujici
zatopené doly. Vyuziti téchto novych modull by zpresnilo simulace proudéni
podzemni vody a tepla v oblastech zaplavenych dold a termalnich systém( pouze
v pfipadé dostate¢ného mnozstvi mérenych vstupnich dat, které je ve vétsiné pripadl

znacné omezené (zejména v oblasti teplotnich charakteristik).
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7 Zaveér

Progndzni vypocty svyuzitim numerickych modell prokazaly znacny védecky i
prakticky vyznam a uzitecnost jejich aplikace pfi hodnoceni zmén rezimu proudéni
podzemni vody a Sifeni tepla, a dale pfi ovérovani efektivity a vlivu planovanych
geotermdlnich systém( pro extrakci tepla a vyuziti geotermalni energie. Pfi evaluaci
potencidlu hodnocené geotermalni struktury a stanoveni ovlivnéni Zivotniho
prostfedi je mozné do rozhodovaciho procesu vybéru vhodné struktury i vhodnych
extrakcnich prvkd (vrtl, podzemnich vyménik() ocenit takové vyznamné faktory, jako
jsou hydrodynamické a geotermické poméry na lokalité, vliv heterogenity
horninovych a teplotnich parametrl, zména vnitfnich a wvnéjSich okrajovych
podminek, dotace a odbéry podzemni vody, nebo velikost pfirozeného tepelného
toku Zemé. Bylo potvrzeno, Ze bez aplikace numerickych modell by nebylo mozné
objektivné vSechny faktory vzit v uUvahu a ndasledné vyprojektovat ekonomicky
efektivni geotermdlni systém pro provoz geotermalni elektrarny.

Vyuzitelnost numerickych modeld je ovSsem ptimo zavisld na rozsahu a kvalité
nutnych vstupnich dat. Zejména v oblasti teplotnich charakteristik horninového
prostfedi je pro vétsinu Uzemi CR mnoistvi méfenych teplotnich charakteristik
zna¢né omezené. V ramci rozhodovani o vybudovani geotermalniho systému a
aplikaci tepelnych cerpadel, je nejprve proto nutno realizovat vyzkum teplotniho pole
a teplotnich charakteristik v zajmovém Uzemi. Lze pfitom vychazet ze zkuSenosti
z povolovani jimani podzemnich vod pro vodohospodarské ucely.

Byl uréen energeticky potencial na tfech typovych lokalitdch. Na prvni lokalité byl
pomoci numerickych modell proudéni podzemni vody a prenosu tepla zhodnocen
energeticky potencidl zatopenych doll v jizni ¢asti plzeriské panve. Podle vysledku
simulaci se jako nejvyhodnéjsi jevi odbér podzemni vody z dol(i na povrch, a déle pak
pomoci vyménikl tepelnych Cerpadel tyto vody vyuZit k energetickym uceldm. Podle
vysledkd numerickych model( by bylo mozné sezoné odebirat az 40 I.s* dulnich vod

o teploté cca 15. 5 °C.
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Na druhé testované lokalité, na uzemi BUZS, byl prokazan vyrazny vliv proudéni
podzemni vody na rozloZeni teplot v SirSi oblasti struktury. Zmény teplot vyvolané
proudénim podzemni vody vedou k poklesu teploty vody az o 20°C. Dale byly pomoci
numerickym modell stanoveny nejvyssi moziné odbéry termalnich vod, potencidlné
vyuzitelnych pro energetické Gcely. V nejvétsich aglomeracich na Gzemi BUZS (v Usti
nad Labem a Dé&Ciné) by bylo mozné odebirat az 275 l.s* a 44 |.s! termalnich vod,
pfitom by doslo k poklesu jejich teploty o pouhé 2°C. Tento pokles by byl pfitom
velice pomaly.

Na treti testované lokalité byla potvrzena termickd aktivita uhelného odvalu Eliska
v k. U. Zaclét, ktera podle vysledk( numerického modelu, neklesne, nadchazejicich 20
let pod teplotu 20 °C. To ukazuje na perspektivnost tohoto zajimavého energetického
zdroje.

Jako velmi vhodny program pro feSeni podobného typu uloh se osvédcil program
MT3DMS, ktery pfi pouziti metody analogie, kterou rozpracoval Thorne (2006a a
2006b), Ize Uuspésné poutZit i pfi simulaci proudéni tepla ve zvodnénych horninovych
systémech. Uréitou nevyhodou tohoto pfistupu je, Ze dany program nelze, jak ukazaly
vysledky testovani, vyuzit pti vyraznych rozdilech hustot podzemnich vod
podminénych zvlasté rlistem teploty. Jako nejvhodnéjsi se ukazuje vyuZziti v prvnim
kroku volné dostupny program MODFLOW pfi simulaci proudéni podzemni vody
v dané strukture. V druhém kroku je pak vyuzit program MT3DMS. Vezmeme-li
v Uvahu, Ze se v praxi pfi progndznich vypoctech podobného typu vyuZivaji zejména
analytické vztahy, je tato, v praci navrzena a ovéfend metoda, vyuZitelnd nejen pfi
védeckém vyzkumu ptirodnich tepelnych poli, ale hlavné pfi progndznich vypoctech

projektovanych geotermalnich systému na konkrétnich lokalitach.
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Numerical modeling as a basic tool for
evaluation of using mine water as a heat source

J. Baier', M. Polak!, M. Sindelai® & J. Uhlik'
'ProGeo s.r.o., Czech Republic.
?ARCADIS geotechnika a.s., Czech Republic.

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 Plzenska 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 Piibram 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 Plzeii and Ptibram 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 Plzefiska 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 Krpuia and krsoiig 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 Pfibram. 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]).

AN
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Figure 1: Study areas - Plzen basin and Pfibram mine workings area

2 Numerical models application

2.1 Case Study: Groundwater flow and heat transfer modelling in the south
part of Plzeiiska 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 si

lations Simulation purpose

. Hydraulic parameters calibration
Variant 1: Steady state Y P

groundwaterflow simulation
with extraction from mine

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 I/s for heat pump

Heat transfer simulation -
grounwater extraction 20 I/s

Groundwater flow and heat transfer
prognosis simulation

Variant 4: Steady state
groundwater flow simulation
with groundwater extraction of
40 1/s for heat pump

Heat transfer simulation -
grounwater extraction 40 I/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
Plzeniska basin. Basin is formed by kladno, tynec, slany and lini 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 Plzeiiské basin sediments are impermeable.
Hydraulic properties gives Svoma [9]. The average transmissivity of carbon
collectors to the deep of 150 m is in the range from *10” to n*10* m%s™'. The
bottom layer transmisivity decreases to 9.10° m?.s!. The whole area of Plzefiské
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 Plzeniska 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
Is"'’km? 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 1/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:

e piezometric head in the interconnected mine space is almost the same,

e steep piezometric gradient (Fig. 2) is taking place in the rock environment
without mine space,

e 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 I/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™'.°C! for first layer
and 2.12 W.ml.°C! for second to fifth model layer. While keeping a fixed
temperature of 9.5 °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).
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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
Ist. and 5th. layer is 9.23 °C. In the Nova 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).
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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 km?
or 8 km?, depending on the heat pump mine water extraction (20 or 40 1/s).
Predicted and stabilized temperature decrease for 20 1/s or 40 1/s extraction rates
are inrange 0 - 1°Cor 0 - 2 °C (Fig 4) .

16.5 —e— Mine water temperature trend; groundwaterabstraction-20 I/s

16 —oe— Mine water temperature trend; groundwaterabstraction-40 I/s
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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
Pfibram 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 . .
Simulation purpose

variant
Variant 1:staedy state simulation while conditions Model calibration based on comparing hydraulic head,
affected by mining and mine water abstraction — simulation of hydrogeologycal condition after fllooded
present time mines - present time
Variant 2: staedy state simulation while conditon Simulation of supposed state befor mining was started
unafected by mining (ideal historical state)

Variant 3: staedy state simulation while mine water

abstraction for heat pump (25 1/s) from colliery Groundwater flow and heat transfer prognosis simulation,

affected temperature fiel by groundwater abstraction

Marie
Variant 4: steady state simulation while mine water Groundwater flow and heat transfer prognosis
abstraction for heat pump (25 1/s) from colliery 15 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 20" 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-stratifraficky 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.1. 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 1/s/km> 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.
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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.m2; first model layer at constant temperature
10°C; zero heat flux across remaining boundaries; thermal conductivity in the
range of 2 - 3 W.m'! K"!; the specific heat capacity in the range of 2600 - 3000
JkgL.K!. The groundwater temperature raises fluently from the surface down to
the model bottom (- 1400 m a. s. 1.), 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 1/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 - 100 m a. s. 1 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
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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; ¢) 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

J. Uhlik (IX) - J. Baier

PROGEQO, s.r.0., Tiché doli 113, Roztoky u Prahy 25263,
Czech Republic

e-mail: progeo@ lprogeo.cz

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 Rodriguez and

@ Spri%r



180

Mine Water Environ (2012) 31:179-191

Diaz (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:

e Conduction: thermal energy transfer due to the thermal
gradient of the saturated rock environment

e 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):

oT
VOVT = perTq) = 5 - (e + (1 =n)pses) —H (1)

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, g (m/s),

2. Thermal conductivity of the saturated rock environ-
ment, A (Js*1 m~! K™,

Density of the water, pp

Density of the rock matrix, p, (kg/m),

Specific thermal capacity of water, cj,

Specific thermal capacity of rock matrix, c
Time, t,

Starting distribution of temperature, T (°K),
Porosity of the rock mass, n (—), and the
Intensity of sources or sinks of thermal energy,
H (J/s/m’).

PO PN AW

—_

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:

@ Springer

= (2)
where v is the kinematic viscosity of water (m?/s), pris the
density of the water (kg/m’), and y is the dynamic viscosity
of water (N s/m? = 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 (mz) of the rock matrix is defined by:

K =iP8 8 (3)
U v

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 Ondovc¢in 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):

Conductive thermal energy flux g¢r (J/s/m* = W/m?)
is defined as the product of the thermal conductivity
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Table 1 Dynamic and kinematic viscosity (Weast et al. 1989)

Temperature Dynamic viscosity Kinematic viscosity
(°C) (1073 Pas™) (107° m%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
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Fig. 1 Relationship of water density and temperature (Rumford and
Brown 1969)

0.7
0.68 - ’
0.66
0.64 1
0.62

0.6 1
0.58 -
0.56 1
0.54 -
0.52 -

0.5 T T T
0 20 40 60 80 100

Thermal conductivity (Wm-'C-1)

Temperature (°C)

Fig. 2 Changes in the thermal conductivity of water depending on
temperature (wWww.engineeringtoolbox.com)

coefficient of the rock 2 (W/m/°C) and the negative
thermal gradient VT (K):
qr = pyerTq (5)

Convective thermal energy flux is defined as the product of
Darcy flow ¢ (m/s), groundwater temperature 7 (°C),

density py (kg/m®), and the specific thermal capacity cr
(kg/m3) (Haenel et al. 1981).

The thermal conductivity coefficient (1), 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:

_ dQ
€= dl (©)

The specific thermal capacity, ¢ (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 (Cermdk and Rybach 1982). Cermak and
Rybach (1982), Birch (1942), and Horai (1971) have reported
data for A and ¢ 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
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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 (Blazkové

2011)

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 IT 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
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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
(Rapantova 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

79


http://www.geni.org

Mine Water Environ (2012) 31:179-191

183

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 (Ist 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 gr = 60 mW/m? 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 Ist 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 ¢ (W/m/°C) parameter in combination with
the thermal conductivity of the rock mass, A (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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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 2nd Type boundary condition
sections of boiler plants 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 E

Plzen basin

W

Plzeri

“Praha

Czech Republic

Liberec

0 50 100 km

i

Ostrava

“Olomouc

deepest mines in the region. Its corridors occupied an area
of approximately 4 km?,

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, Tyn, Slany,
and Lin 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 Tyn strata has a lower permeability than the
Kladno strata because of kaolin arkoses weathering. The
Slany 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 Lin 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 Lin
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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 km? 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
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Fig. 5 Geological crosscut for the south part of Pilsen basin A—A’and B-B’ (crosscuts depicted on Fig. 6); vertical axis is multiplied by 5

Table 3 Depth and inflow rates to the mines

Mine name Average mine Mine inflow
workings depth (m)  (L/s)

Dobré Stésti 230 34, max. 207

Dul Obranci Miru 810 12

Dial v Tynci 420 25.5

Dil Sulkov 230 53-65

Pom.dul Sulkov 485 80-110

Krimich I 229 40

Krimich [I—Nova Hospoda 362 50-60

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™'
exchangers (Scenario A).

into surface heat

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’km”. 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
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Fig. 7 Groundwater level in the flooded mines

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 107> to 10~* m?%/s. Trans-
missivity values up to 9 x 10~° m?/s were determined for
greater depths. The hydraulic conductivity of carbon sed-
iments usually ranged from 10~ to 10™° m/s (Svoma et al.
1970). These data were used to derive initial hydraulic
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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
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would be almost the same alongside the mine corridors 1. The piezometric head contribution of temperature and

unless cave-ins have destroyed the continuity of the water chemistry was assumed to be negligible compared
workings. The only change of hydraulic head in the flooded to the contribution of gravity forces affecting ground-
mine corridors would be caused by friction, which would water flow under both pumped and flooded conditions.
be minimal at steady nonturbulent flow. 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-

Heat Flux Model ter flux model could have been run separately.

2. The thermal conductivity and capacity of the saturated
The heat flux was calculated using MT3DMS (Zheng and rock was constant within the simulated temperature
Wang 1998). The theoretical foundation of using this interval 9.5-22.5 °C. This simplification is convenient
software for heat flux calculations and its limitations are due to the small temperature range.
explained by Langevin et al. (2008). The MT3DMS code 3. The groundwater and the rock matrix are in thermo-
was customised for the transport calculation based on dynamic balance. The rate of the groundwater tem-
MODFLOW results. The following simplifications were perature change is much lower than the rate of thermal
implemented in the simulations: exchange between rock matrix and groundwater.
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Fig. 10 Model groundwater 14000
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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 Ist 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
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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
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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/m” 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 km* 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 x 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
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Fig. 13 Gradual mine water temperature decline at the uptake point
(Scenario A)

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
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Fig. 14 Mine water temperature development in the vicinity of heat
exchanger (Scenario B); heat abstraction simulated via 2nd type
boundary condition

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.
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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 m>. 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” in Usti city and 44 L.s
lin Décin 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

Albertov street 6, 12843
Prague 2, Czech Republic

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 km? (Fig. 1).
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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
Ustni nad Labem and D&in 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™. An average heat flow in
the BCB of 73 mW.m and 80 mW.m™ is assumed
in the [8] and [3]. In [19] the heat flux values lower
than 50 mWm for the recharge and higher than 70
mWm? for discharge areas is determined. Many
authors expect increased heat flow in the fault
areas.

In the winter period 50 Is! of thermal
groundwater is used by heat exchangers to allow
central heating in the Dé&¢in 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 1980’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
isin [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
agifers 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 m*/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 g “ A A/,/V
Cretaceous Basin. The aquifer BC extends across [ quieeEE ' /
most of the area, only missing in its SW part, — /
roughly beyond the Decin-Ustek line (Fig. 2). The M. | 1,
contiguous body of Jizera formation sandstones aqm / /
splits WSW of this line to several bodies and peters |
Imprevious crystalline basement T [

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.

SwW ___—NET]

pquiclutte.

Horizontal modellayers

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 km?) is 6,315 L.s"".km>
Model recharge was calculated in the interval from
0.6 t0 8.0 L.s"".km™.

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
1980’s (583.6 L.s!). 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).

[o.3
o

~
v

w
o

w
o
+

observed - computed hyd. heads [m]

S
O

&
=]

140 190 240 290 340 390 440 490
observed hy draulic heads (m asl)

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).
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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™).

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

° e T (commenced in 1911) created a new site of
- . . . . . .
0ttt L3 artificial drainage in the region (Fig. 7),
s . 8 + NP substantially altering the trends of groundwater
* *

flow in an area of more than 100 km?. Withdrawals
of groundwater in the quantity of 147 L.s™' and 27
L.s™" 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™!
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. 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.

IJERTV2IS110675

www.ijert.org
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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
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Fig. 10 Groundwater temperature change in collector
A caused by groundwater flow

The thermal parameters of saturated rock
environment was set up using methodology
publicised in [12]. The thermal conductivity 1.66
W.m™'.°C! and thermal capacity 920 J.kg™.°C were

4.2. Boundary conditions and heat .
set up in the model.

transport parameters

The basal heat inflow is simulated using second
type boundary condition between 70 - 80 mW.m™
in the lowest model layer (bedrock of the

4.3. Heat flow model results
Model calculated temperatures were compared

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.

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 D&in and Usti 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.
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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 (Usti nad Labem
area) and in the deepest parts of the structure (close
to Benesov nad Plou¢nici city).

The groundwater flow has a fundamental effect
on the temperature distribution in the model area
(Fig. 10). In the area between Usti 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.

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.sand 25.3 L.s"! to 275 L.s™! and
44 L.s' 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

i(s) Vilsnice allu ——DC-4 DC-5 DC-6 stays e}t the same level for at least several

- i generations, as subsequently confirmed the
e O predictive heat transport model.
2 24 The computed temperature field is in reasonable
g . agreement with measured temperatures. Model
7; - \__ results were achieved by setting almost uniform
£ " heat flow values to the basal model layer. Model
2L LS T — results suggest that heat flow in the area under

16 study could be quite homogenous. According to

14¥

12 i T T T T |
0 500 1000 1500 2000 2500
Time [year]

Fig. 12 Drop of the groundwater temperature in
pumped wells in the Décin City area

The long term development of the model
temperature in the pumped wells in the Dé&€in city
is in the fig. 12. The temperature decrease is very

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 Zacléf 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; Kiirten et al., 2010;
Zhang and Kuenzer 2007).

Spontaneous combustion and coal fires

A coal matrix porosity ranges from 15 to 40% (Krajciova 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, Akgiin 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 m? 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.
Tollingerova and Pavelka, 2008).

Authors Kiirten 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 Tlu¢na. 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
Zaclét cadastral area — coal heap of the Jan Sverma mine), B (the Zacléf cadastral
area — Eliska coal heap), C (the MarkouSovice cadastral area, Ignatius coal heap),
D (the Radvanice v Cechach cadastral area — Katefina coal heap). In total was
measured 543 data. Thermal activity has been demonstrated in both old and
young coal heaps (Fig.1).
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Fig. 1: The map shows the sites at which the measurements took place

101



Coal heap as a heat source 5

Each of these sites had a coal heap resulting from the mining of black coal.

The site A (Zacléi cadastral area — coal heap of the Jan Sverma 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 (Zacléf cadastral area — Eliska 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 (MarkouSovice 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 m? 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 Cechach cadastral area — Katefina coal heap) covers an
area of 212.137 m?, with the height of 50 m. The total volume of the coal heap is
2.331 million m?, while the total volume of the coal mass comprised 443.000 m°,
1.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

102



6 S, Kaluznicinovd et al.

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
Zacléi cadastral area - Eliska 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 Eliska coal heap (2
control quadrats) and 2x2 m (or 9 points) on the Jan Sverma 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, CO 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 CO; were also measured. The Labquest
Vernier interface device with a CO; sensor was used for this purpose. After
digging up a hole to a depth of 50 cm the CO; 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 Zacléf cadastral area - Jan Sverma 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 Zaclét cadastral area - Eliska coal
heap) took place on 17.4.2011. The air temperature was 284.15 K and the weather
was cloudy. The site C (the MarkouSovice cadastral area, Ignac coal heap) was
measured on 24.4. 2011, at the air temperature of 285.15 K. The site D (the
Radvanice v Cechach cadastral area, Katefina 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 Kraj¢iova
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).

Air, T=Const= year average

Air properties -thermal contuctivity, capacity

\ A \4

Q- rain infiltration ‘

is charfing ro
ach measured temperature:
the top of the hea

Lt
Terestial heat flow, Q=const=60mV/m*

t ¢+ + + t 1

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 Zacléi cadastral area - Elika 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:
e Conduction: heat energy transfer in the direction of the temperature gradient
in the environment
e 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:

or
V(T = ppe;Tq) = E(npfcf +(1-n)p,c,)—H

where:

1. fluid flow, q (m/s)

2. thermal conductivity, 4 (J s'm'K™)

3. density of the fluid, ps (kg/m?)

4. density of the environment, p, (kg/m?)

5. specific heat capacity of the fluid, ¢r (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'm?).

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 Im. 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 Environment of the Subgrade of the
heap heap heap
Layer Layer Layer
thickness Model thickness Model thickness
Model Layer [m] Layer [m] Layer [m]
37 -
1-3 10 11-18 0,15 40 1
41 -
5-6 5 19-22 0,5 43 10
7-10 0,5 23-28 1 SUM 34
SUM 52 29 -36 0,5
SUM 13,2

Boundary conditions

Safanda (1997) estimates the terrestrial heat flow for The Bohemian massiv
between 43 - 71 mW/m?. Terrestrial heat flow of 60 mW/m? 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 2™ type simulates the supply of heat inside the
coal heap. The boundary condition is entered into the 35" 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 1*
type entered into the 1% 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 1*' 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 a level
of significance = 0.05 showed a strong dependence of CO> on temperature (which
is evident from the Figures 3 - 6).
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Fig. 3 — 6: Show the results at the a = 0.05 significance level, which have demonstrated a strong
dependence of CO, 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 -
Zaclét cadastral area - Eliska coal heap) a total supply of 5.3 kW per 100m? area
was simulated by using the boundary conditions of the 2™ 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 — 15" 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 - Zaclét cadastral area - Eliska 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 35" model layer (at the site of the
anticipated highest temperatures). Simulation without added energy into the system.

323,15 - e=——t— Temperature - 15 model
layer
318,15 - ---¢--- Temperature - 15 model
313 15 - layer, half value of
< ’ thermal conductivity
‘_'308 15 ——— Temperature - 15 model
g ! layer, 1.5 value of thermal
- ductivit
©303,15 - —_— 'crce’pnsjtecrzla\éwe - 15 model
g layer, half value of
5298’15 i i thermal capacity
293,15 - S
288,15 1 TS
283,15 T T T T T 1
0 5 10 15 20 25 30
Time [year]

Fig. 9: Development of the model temperatures in the 15" 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 15™ and 35™ 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 (Zacléf cadastral area - Jan Sverma
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 (Zacléi cadastral area - Eliska 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 (MarkouSovice cadastral area, Ignac 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 Cechach cadastral area, Katefina 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
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(Zaclét cadastral area - Jan Sverma coal heap). Dark colours indicate lower temperatures, bright

colours indicate higher temperatures.
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Fig. 11: A map of isotherms which shows the surface and subsurface temperatures at the site B

(Zacléf cadastral area - Eliska coal heap).
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Fig. 12: A map of isotherms which shows the surface and subsurface temperatures at the site C

(Markousovice cadastral area, Ignac coal heap).
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Fig. 13: A map of isotherms which shows the surface and subsurface temperatures at the site D

(Radvanice cadastral area, Katetina 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 m?. 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) (Strakova and Reznigek,
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 Bjorndalen 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 (Zacléf
cadastral area - Jan Sverma 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 (Zacléf cadastral area - Jan Sverma 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 (Zaclét cadastral area - Eliska 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 m?. 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.

REFERENCES

[1] Akgiin, F., Arisoy, A. (1994) Effect of particle size on the spontaneous
heating of a coal stockpile. Combustion and Flame, Vol. 99 No. 1, pp.137 — 146

[2] Clauser, Ch. (2003) Numerical Simulation of Reactive Flow in Hot Aquifers,
using SHEMAT/Processing Shemat. Springer Verlag, Heidelberg-Berlin.

[3] Evseev, V.S., Voroshilov, S.P., (1986) Modeling the process of self-ignition
taking into account the influence of moisture on oxidative processes in coal.
Journal of Mining Science,Vol. 22 No. 2, pp.140 — 146

[4] Guatam, P.K., Surana, D.M. (2001) Characteristics and effects of spontaneous
heating in Barmer lignite — A case study. D.C. Panigrahi. / st International Mine
Environment and Ventilation Symposium, DEC 12, 2000. Dhanab, India, pp. 471
— 477

[5] Hollesen, J., Elberling, B. and Jansson, P.E. (2009) Modelling subsurface
temperatures in a heat producing coal waste rock pile, Svalbard (78°N). Cold
Regions Science and Technology Vol. 58, pp.68 —76

[6] Hollesen, J., Elberling, B. and Jansson, P.E. (2011) Modelling temperature-
dependent heat production over decades in High Artic coal waste rock piles. Cold
Regions Science and Technology Vol.65, pp.258 — 268

[7] Chen, X., Wang, W., Deng, J., Jin, Y., Zhang, X., (2010) Research and
application on the wireless ad-hoc network boreale temperature remote
monitoring system for the coalfield fire. Second International Conference on
Coal Fire Research, 19 — 21 May 2010 Berlin, Germany.

[8] Jansson, P.E., Karlberg, L., 2001. Coupled Heat and Mass Transfer Model for

Soil-Plant—Atmosphere Systems. Royal Institute of Technology, Dept of Civil and
Environmental Engineering, Stockholm, Sweden.

118



22 S, Kaluznicinovd et al.

[9] Krajciova, M., Jelemensky, L., Kisa, M. and Marko$, J. (2004) Model
predictions on self-heating and prevention of stockpiled coals. Journal of Loss
Prevention in the Process Industries Vol. 17, pp.205 — 216

[10] Krishnaswamy, S., Agarwal, K.P. and Gunn, D.R., (1996) Low-temperature
oxidation of coal 3. Modelling spontaneous combustion in coal stockpiles. Fuel
Vol. 75 No. 3, pp.353 — 362

[11] Kuenzer, C., Zhang, J., Tetzlaff, A., Dijk, P.V., Voigt, S., Mehl, H., Wagner,
W., (2007). Uncontrolled coal fires and their environmental impacts:

Investigating two arid mining regions in northcentral China. Applied Geography.
Vol. 27 No. 1, pp.42-62

[12] Kiirten, S., Feinendegen, M., Noel, Y., Gaschnitz, R., Schwerdt, P. and
Klein, A. (2010) Geothermal utilization of Smouldering Mining Dumps as a
Substitute for Fossil Fuels. In: Latest Developments in Coal Fire Research
Bridging the Science, Economics, and Politics of a Global Disaster Proceedings
of "ICCFR2 I Second International Conference on Coal Fire Research" 19-21
May 2010. dbb forum Berlin, Germany.

[13] Lienhard, H.J. IV and Lienhard, H.J. V (2011) A Heat Transfer Textbook,
fourth edition. Cambridge, MA: Phlogiston Press, c2011

[14] Nugruho, Y.Y., McIntosh, A.A., Gibbs, B.M. (2000). Low temperature
oxidation of single and blended coals. Fuel, Vol. 79 No. 15, pp.1951-1961

[15] Pavelka, K., Rezni¢ek, J., Bila, Z. (2013) Non-invasive and non-contact
prospection of archaeological and historical objecs. In: 13th International
Multidisciplionary Scientific Geoconference SGEM 2013, STEF92 Technology
Ltd., Bulgaria, Albena, Conference Proceedings Vol.Il., ISBN 978-619-7105-01-
8, ISSN 1314-2704, DOI: 10.5593/sgem2013, 647-654

[16] Stracher, B.G. and Taylor, P.T. (2004) Coal fires burning out of control
around the world:thermodynamic recipe for environmental catastrophe.
International Journal of Coal geology Vol. 59, pp.7 — 17

[17] Strakova, H., Rezni¢ek, J. (2013) Documentation of dumps and heaps by use
of UAV. In: Proceedings of 13th International Multidisciplinary Scientific
Geoconference SGEM 2013, vol. II.. Sofia: STEF92 Technology Ltd., 2013,
ISSN 1314-2704. ISBN 978-619-7105-01-8

[18] Safanda, J., Cerméak, V., Stulc, P., in Vrana, S., Stddra V. (1997)
Geological model of Western Bohemia related to the KTB borehole
in Germany. Sb. Geol. Véd, 47, 196-204.

[19] Thorne, D., Langevin, CH., Sukop, M., (2006). Addition of simultaneous

heat and solute transport and variable fluid viskosity to SEAWAT, Journal
Computers & Geosciences Vol. 32, pp.1758 — 1768.

119



Coal heap as a heat source 23

[20] Tollingerova, D., Pavelka, K. (2008) Creating of Digital Surface Model and
Orthophoto from ASTER Satellite Data and their Application in Land/Water
Research. Soil and Water Research, vol. 2, no. 3, pp. 52-61

[21] Wang, H., Dlugogorski, Z.B. and Kennedy, M.E. (2003) Coal oxidation at
low temperatures: oxygen consumption, oxidation products, reaction mechanism
and kinetic modelling. Progress in Energy and Combustion Science Vol. 29,
pp.487 —513.

[22] Wingfield-Hayes, R., (2000) China battles coal fires BBC News Online and
BBC News on FireNet (Electronic Pages fot the British Fire Service). [Online]
http://news.bbc.co.uk and http://www.fire.org.uk (Accessed 3 August 2000).

[23] Zhang, J. and Kuenzer, C. (2007) Thermal surface characteristics of coal
fires 1 results of in-situ measurements. Journal of Applied Geophysics Vol.63
No.3-4, pp.117 - 134

120


http://www.fire.org.uk/

10 Prehled vsech publikaci

Clanky - impakt faktor

Uhlik, 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

Kaluzni¢inova, S., Strakova, H., Baier, J. and Chrastny, V., 2013. 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.

Recenzované clanky - databaze Scopus

Baier, J., Poldk, M., Sindelaf, M., Uhlik, J. 2011. Numerical modeling as a basic 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

Recenzované clanky

Baier, J., Uhlik, J., Datel, J. V., 2013. Mathematical modelling of the groundwater and
heat flow in the complicated hydrogeology structures. International journal of
engineering research & Technology, Vol. 2, Issue 11, ISSN 2278 — 0181.1.2, p.
1166 - 1173.

Publikace na védeckych konferencich

Landa, |, Baier, J.,, Ru0zickova, L., 2008. Thermal simulation of
Arid Rock in brownfield Litoméfice Base, in. CD Documents of

EPWG1035/2008/1/EP; EP Brussels, p 1-4.

Baier, J., Landa |.,, 2008. MoZnost vyuZiti programu Fluent 6.3 na matematické
modelovani proudéni tepla v horninovém prostfedi, na pfikladu planovaného
geotermalniho vrtu v Litoméficich, Environmental Sciences: sbornik abstraktl 1.

rocniku konference, 13.-14. bfezna 2008, Suvorov P., Harabis P.,(eds.).

121



uhlik, J., Baier, J., 2009. Modelovani obéhu podzemnich vod v oblasti beneSovsko-
usteckého zvodnéného systému ceské kiidové panve. In, 31. 8. 2009 03.09.20009.
VSB - Technickd univerzita Ostrava. Ostrava: VSB - Technickd univerzita Ostrava,

2009, s. 155-158

uhlik, J., Baier, J., 2009. Modelovani proudéni podzemni vody a transportu tepla v
hydrogeologické struktufe dééinské a Ustecké termy. In, 25. 11. 2009 Zd4r nad
Sdzavou. Vodni zdroje EKOMONITOR spol. s.r.o. Pardubice: Vodni zdroje
EKOMONITOR spol. sr.o., 2009, s. 9-12

11 Prehled fesenych projektu

GA205/07/0691 - Geotermalni zdroje, jejich limity a trvale udrZitelné vyuZiti:
benedovsko-ustecky zvodnény systém (2007-2009, GAO/GA)

2A-2TP1/055 Vyzkum vyuZiti energetického potencidlu dllnich vod v oblastech
byvalé téZebni &innosti CR

41110/1644/6472 Teplotni rezim ovérovaciho vrtu v

geotermalni strukture Litoméfic pro energetické vyuziti
12 Prehled vedenych bakalarskych praci

Jan Pida: MoZNOST vYUZITi DULNICH DEL PRO ENERGETICKE UCELY, ukonceni studia 2010
Zdenék Perkner: GEOTERMALNI ENERGIE HORKYCH SUCHYCH HORNIN A MOZNOSTI JEJIHO

ZiskAVANi, ukonceni studia 2009

122


http://www.fzp.czu.cz/cs/?r=4543&dep=289&part=7&pub=1260430615&wp=katedry.publikace..info
http://www.fzp.czu.cz/cs/?r=4543&dep=289&part=7&pub=1260430615&wp=katedry.publikace..info
http://www.fzp.czu.cz/cs/?r=4543&dep=289&part=7&pub=1260430615&wp=katedry.publikace..info
http://www.fzp.czu.cz/cs/?r=4543&dep=289&part=7&pub=1260430615&wp=katedry.publikace..info
http://www.fzp.czu.cz/cs/?r=4543&dep=289&part=7&pub=1260430625&wp=katedry.publikace..info
http://www.fzp.czu.cz/cs/?r=4543&dep=289&part=7&pub=1260430625&wp=katedry.publikace..info
http://www.fzp.czu.cz/cs/?r=4543&dep=289&part=7&pub=1260430625&wp=katedry.publikace..info
http://www.fzp.czu.cz/cs/?r=4543&dep=289&part=7&pub=1260430625&wp=katedry.publikace..info

	1. Úvod
	2.  Cíle práce
	3. Metodika
	3.1 Metodika stanovení vlivu potencionálních odběrů podzemní vody a tepla pomocí numerických modelů
	3.2 Aplikované numerické modely

	4.  Úvod do problematiky
	4.1 Využití geotermální energie ze zatopených dolů
	4.2 Využití geotermální energie a simulace proudění tepla v uhelných odvalech
	4.3 Využití geotermální energie a simulace proudění podzemní vody a šíření tepla ve zvodněných hydrogeologických systémech

	5. Komentář k souboru prací
	5.1 Posouzení využití hydrogeologických struktur se zatopenými doly pro energetické účely

	1
	2
	3
	4
	5
	5.1
	5.1.1 Publikované práce
	5.1.2 Komentář k publikovaným pracím

	5.2 Posouzení využití hydrogeologických struktur obsahující termální vody doly pro energetické účely
	5.2.1 Publikované práce
	5.2.2 Komentář k publikovaným pracím

	5.3 Posouzení využití uhelných odvalů pro energetické účely
	5.3.1 Publikované práce
	5.3.2 Komentář k publikovaným pracím


	6 Diskuze
	7 Závěr
	8 Seznam použité literatury
	9 Plné znění článků souboru prací
	Model Evaluation of Thermal Energy Potential of Hydrogeological Structures with Flooded Mines
	Abstract
	Introduction
	Input Data for the Simulations and Its Variability
	Conceptual Approach to Modelling the Thermal Energy Potential of the Krimich II Mine
	Basic Information on the Model Location
	Groundwater Flow Model
	Heat Flux Model
	Summary and Discussion of Heat Model Results
	Conclusions
	Acknowledgments
	References

	10 Přehled všech publikací
	11 Přehled řešených projektů
	12 Přehled vedených bakalářských prací

