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BAVYERA'DAKi TURBODEN JEOTERMAL REFERANSLARI
VE BU KANITLANMIS GOZUMUN TURKIYE GERGEVE
KOSULLARI ALTINDA AVANTAJLARI

Andrea DUVIA
Joseph BONAFIN

OzZET

Bu bildiride Turboden'in Bavyera'daki U¢ adet son teknoloji 5 MW jeotermal enerji santralleri ile
yasadigi yeni deneyim ve faaliyetlerin durumu yer almaktadir.

Basta termodinamik dongu tipinin, merkezi isitma 1si ayristirmasi igin kabul edilen semanin,
optimizasyon sartlarinin agiklanmasi olmak tzere bu santrallerin teknolojisine odaklanildi.

Optimize verimlilik igin calisma sivisi se¢iminin dnemi ve Is1 esanjorleri ve hava sogutmali kondenser
gibi kilit pargalarin se¢imi vurgulandi.

Tesvik plani ve elektrik sebeke gereksinimlerine yodnelik Almanya gergeve yodnetmeligi anlatilarak
Tarkiye sartlari ile karsilastirildi. Ada modu islemine deginilerek tartisildi.

Son olarak, kabul edilen ¢ézimin avantajlari ve Tirkiye sartlarinda daha fazla enerji Gretiminin
getirdigi ekonomik getiriler 6zetlendi.

Anahtar Kelimeler: ORC, Jeotermal, Binary (ikil) Santral, Bélge Isitma, Cift Basing, Ada
Operasyonu.

ABSTRACT

The paper introduces the recent experience of Turboden with three 5 MW state of the art geothermal
power plants in Bavaria, and the status of the operations.

A focus on the technology of these plants is made, particularly describing the type of thermodynamic
cycle, the adopted scheme for district heating heat decoupling, the optimization drivers.

The importance of working fluid selection for optimized efficiency, and the selection of key
components like heat exchangers and air-cooled condenser is highlighted.

The German frame regulation for incentive scheme and grid requirements are described and
compared with Turkish frame conditions. Island mode operation is pointed-out and discussed.

Finally, the advantages of the adopted solution are summarized, together with the economic benefits
in terms of enhanced energy production under Turkish frame conditions.

Key Words: ORC, Geothermal, Binary Plant, District Heating, Double Pressure, Island Operation.
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1. GiRiS: BAVYERA'DAKI TURBODEN JEOTERMAL SANTRALLERI

Turboden, Organik Rankine Déngu Teknolojisi (ORC) énculerinden olup biyokiitle, 1si geri kazanimi ve
jeotermal uygulamalarda da Avrupa lideridir.

Halihazirda kurum iginde tasarlanan tirbinlerle donatiimis 240 adet isler durumda ve buna ilaveten 40
adet ingsaat halinde Turboden ORC elektrik Uretim santrali bulunmaktadir. Turboden ORC (Uniteleri
%98'in Uzerinde ortalama kullanilabilirlik sunarken, ¢alisma saati 5.000.000'i asmistir.

2012 ve 2013 yillari arasinda Turboden, Minih Kamu Tesisleri Sirketi SWM (Sauerlach'ta) icin 5 MW
jeotermal enerji santrali tesis etmis ve ayni bdlgede lider Hochtief Energy Management sirketi (simdiki
adiyla SPIE Group) (Durrnhaar ve Kirchstockach'ta) igin iki 5,6 MW kapasiteli santral kurmustur. 5.
bdélimde belirtildigi Gzere bu enerji santralleri binlerce ¢alisma saatini ve de beklenen performanslari
asmis bulunmaktadir.

Turboden Bavyera'da dérdinci jeotermal santral ihalesini almistir. Traunreut sehrinde kurulacak 4,1
MW birlesik Uretim kapasiteli jeotermal santral Uretilen elektrik enerjisinin yani sira topluma 12 MW'a
kadar termal enerji saglayacak.

Turboden, Zambiya'daki (1988) ve 2001'den beri araliksiz faaliyet gdsteren Altheim'daki tesisle
baslayarak ilk glinden beri jeotermal enerjiye blyik ilgi gdstermistir.

Turboden ORC turbo jeneratér yapiminda 30 yili askin deneyimiyle ylUksek performansli, ylksek
dayaniklihk ve elverislilige sahip Uniteleri disuk bakim ve igletim maliyetleriyle miusterilerine
sunmaktadir.

Asagidaki tabloda Turboden tarafindan Bavyera'da gergeklestirilen tesislerin temel o6zellikleri
verilmigtir.

Sekil 2. Sauerlach jeotermal santrali.
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Tablo 1. Santral istatistikleri.

Santral Sauerlach Duermhaar | Kirchstockach
Uretilen Briit Giic,

KW 5000 5600 5600
Uretilen Net Giig,

KW 4500 5000 5000
Jeotermal akigkan 140 138 138

giris sicakligl, °C

Jeotermal akigkan

debisi, I/s 110 130 130
Tasanm dig hava

sicakhg, °C 14 ] i
Galigma akigkan R-245fa R-245fa R-245fa
Sogutma sistemi | hava sofutmall | hava sogutmal | hava sofutmal)

2. ALMANYA'DAKi JEOTERMAL PROJELERIN CERGEVE SARTLARI

Almanya Yenilenebilir Enerji Kaynaklari Kanunu (EEG) tarafindan getirilen tarife garantisi, tesvik
planlar elektrik Gretimi igin yenilenebilir enerji kaynaklarinin piyasaya surilmesini sagladi.

EEG'nin temel ilkesi geregdi elektrik sebeke operatorleri yenilenebilir enerji kaynaklarindan elde edilen
elektrigi kabul etmek ve buna 6ncelik vermek ve 20 yillik bir slire boyunca yasalar geregi 6ngérilen
minimum Ucretleri ddemek zorundadir, Gassner (2010) [1].

2000 yilindan beri gecerli olan jeotermal enerji tarife garantileri pazar buyime beklentilerini henlz
kargilamamistir.

Bu nedenle tarifeler bu yillarda arttirimigtir.

Rezervuarlarin ¢ok derin olmasi sebebiyle yiksek sondaj ve su sirkiilasyon riskleri ve bagdlantili
maliyetleri Almanya'da hala garantili tarifelerle dengelenmemis yatirimlara engel olusturuyor.

Simdiye kadar proje gelistirmek icin 6n sart olan maden isletme haklarina surekli ilgi olmasi jeotermal
enerji Uretime olan ilgiyi teyit etmektedir.

Ug enerji santralinin sunumu éncesi teklif ve tasarim asamasinda garantili tarife Gretilen briit elektrik
icin kilowatt-saat basina 20 €-cent'i.

Ayrica elektrik Uretiminin yani sira 1si enerjisi de sunuldugu takdirde kilowatt-saat basina 3 €-cent'lik
bir 1sitma-kullanim primi s6z konusuydu.

Haziran 2014 itibariyle 1s1 primi garantili tarifeye eklenerek brit elektrik enerjisi igin fiyat 25 €-cent'e
cikti. Asikar sebeplerle Brit enerjiyi ve buna bagll olarak yan techizat tiketimlerini arttiran
termodinamik ¢ézimler uygun goériuntyordu (6rn. Sidper Kritik doéngu). Ancak yardimci teghizat
maliyetinin beklenen enflasyon trendi gelistiriciler icin daima dusunulmesi gereken bir noktaydi ve
Turboden tarafindan uygulanan iki seviyeli basing gibi optimize net enerji dénguleri secilmesine neden
oluyordu.
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3. iKi (CIFT) SEVIYELI BASING GEVRIMi ILKESI

Genelde degisken bir sicaklik kaynadi oldugunda (jeotermal su) ve ekonomik cerceve sartlari
nedeniyle ylksek 1sili esanjor ylzeyi kullaniliyorsa, jeotermal suyun isi salinim egrisini enerji
donustirme doéngusinin 1s1 emilim egrisiyle eslestirmeyi saglayan teknik ¢dzimlerin kullaniimasi

faydalidir.

Klasik bir kritik altt ORC donguisu segilirse, is1 transfer egrisi tipik olarak asagida Sekil 3'te gosterilen

sekildedir.

11 TEMPERATURE vs EXCHANGED POWER

Q

Sekil 3. Pinch noktasini gdsteren doymus tek seviyeli ¢evrimin sicaklik/isi diyagrami.

Calisma sivisi buharlagsmasinin basinda minimum bir sicaklik farki noktasi "pinch noktasi" olmasi iki
edrinin etkili bir sekilde eslesmesini saglamaz. Sonu¢ olarak pinch sicakhdr (Sek. 3'teki 7. ve 3.
noktalar arasindaki sicaklik farki) kigultrken, i1s1 alisveris alanindaki artis ulagilabilecek ilave ener;ji

bakimindan giderek etkisiz hale gelir.

Ornegin, 150°C'de jeotermal su 1s1 kaynaginda galisan 2°C pinch sicaklijina sahip 245fa galisma sivili
tek seviyeli gevrim igin 1s1 alisverisi alaninda ilk degerin %250'sine kadar bir artis olmasi durumunda

%1'in altinda bir enerji artisi olacaktir, Gassner (2010) [1].
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Sekil 4. Gaia ve Pietra’a gore, is1 degistirici alaninin performans tzerindeki etkisinin pinch noktasinin

2°C’den itibaren baglamasi [2]
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Gelistirilmis 1s1 aligverisi alaninda enerji Uretimini arttirabilmek igin, Turboden tarafindan hayata
gecirilmis olan yukarida bahsedilen enerji santralleri iki buharlasma basinci seviyeli dénguler
kullanmaktadir. Santral lokasyonlarinda mevcut olan girdilerle birlikte (yaklasik 140°C) bu ¢6zim, ayni
Is1 degisimi alaninda varsayilan tek seviyeli dongiyle karsilastirildiginda ciddi performans artigina izin
vermektedir.

iki seviyeli déngiiniin avantajlarini gostermek icin genel Alman cergeve kosullar altinda iki farkli tek
seviyeli dongu ile karsilastirma yapilmistir. Iki ddongl ayni varsayimlar kullanilarak, bilesen verimleri ve
Is1 aligverisi katsayilari agisindan gerekli 1si aligverisi ylzeyi ve elde edilen net glic mukayese edilerek
karsilastiniimistir.

Ana Varsayimlar:

Jeotermal Akiskan (sivi) sicakligi 140°C

Yogusma sicakligi: 20°C

Asiri Isitma: 2 °C

Turbin izentropik verimliligi %85

Pompa izentropik verimliligi %75

Calisma sivisi olarak HFC 245fa kullanilan, pinch noktasi 3°C olan iki seviyeli sistem, %100 net glc¢
ve %100 gerekli 1s1 alisverisi ylzeyiyle kullaniimistir.

100%

T 95%
2
]
g oo%
7}
=]
T goog |
S —t 245 fa
single level HFC-245fa
- . ‘
8 Single level isobutane
75%
60% 70% 80% 90% 100% 110% 120%

Reduced Heat exchnage area [US]

Sekil 5. iki kademeli gevrilerin tek seviyeli doymus gevrimler ile Aiman cerceve kosullarina gére
karsilastirmasi.

Karsilastirma, yukaridaki varsayimlarla doymus tek seviyeli dénglyle karsilastinldiginda ayni sicak isi
aligverigi alaniyla yaklasik %10 net gu¢ elde edilebilecegini gostermektedir.

Degisken sicaklikta sividan buhara gegisli tipik bir stperkritik 1s1 emilimi egrisinin sekli sayesinde
eslesen is1 salimi egrisinin elde edildigi stperkritik dongiyle benzer sonuglar elde edilebilmektedir.

Doéngl kontrollini basitlestirmek ve sisteme yedek ekleyebilmek igin iki basing seviyesi, tamamen
bagimsiz ¢alisma sivisi tarafi olarak, sadece jeotermal su tarafina baglantili sekildeki iki calisma sivisi
dongusu olarak dusinulmektedir.
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Calisma sivisi secimi, I1s1 alisverisi alani i¢in verilen deger i¢in glg¢ Uretimi analizinin optimizasyonunu
ve turbo aksam verimlerinin dikkatli sekilde tahmin edilmesini temel almaktadir. Bu karsilastirmada
basta asagdidaki 6zellikler nedeniyle en uygun ¢6zim olarak sogutucu R245-fa belirlenmisgtir.

* Yaklasik 140°C'de su ile beslenen iki seviyeli ddngu i¢in uygun 1si emme egrisi
+ Hidrokarbonlara gore daha disuk entalpi ile 6zellikle ylksek turbin verimliligi.

Ayrica ¢alisma sivisinin yanici olmamasi 6zellikle kurulumun bir bina igine yapilmasi gereken yerlesim
yeri yakinindaki Sauerlach santrali igin musterilerden olumlu goéris aldi.

Turboden tarafindan uygulanan bu ¢ézim Almanya cgerceve sartlarinda 6zellikle 6nem tasiyan
asagidaki diger teknik avantajlari da sunuyor.

3.1 Yedeklilik (Redundancy)

iki calisma sivisi déngiisii tamamen bagimsizdir ve dolayisiyla déngiilerden biri diger dongii bakim
faaliyetleri icin kapatildiginda galistirabilir.

Tarbinlerden birinin (6rnegin, yiksek sicakliga sahip "HT" tirbini) kapatiimasi gerekiyorsa, tim Unite
kapatilir ve ¢ok kisa bir sure iginde yeniden baslatilir. Aslinda elektrikli jeneratér santralin iki pargasini
baglayan tek parga olup hizh bir sekilde baglanti kesilebilir (islem sirasi sarttir: kuplaj kapagini gikarin,
kuplaj civatalarini gikarin, kuplaj kapagini takin, vanalari agin, tirbin disuk sicaklik "sadece LT" ile
¢alisma 6gesini segin, ORC'yi yeniden baslatin). Bu islem yeniden baslatma dahil 1,5 saat sirer.

Buna ilaveten toplam enerji Uretimi farkli donguler farkh zamanlarda durdurulursa daha ylksek
olacaktir ¢inklii "sadece LT" ile calisma jeotermal su ylksek sicaklik donglsi tarafindan
sogutulmayacagindan disuk sicaklikta déngl yararina olur. Turbin ve galisma sivisi dongisinin
uygun tasarimi ve calisma akiskan pompalarinin asiri tasarimi sayesinde, "sadece LT" calisma
modunda santral nominal LT déngusu Uretimine kiyasla faydali bir asiri yike ulasabilir.

3.2 Verimli 1s1 ayrigtirmasi

Tek seviyeli dongliye gore bir diger avantaj sty bir 1s1 kullanicisi (6rn. merkezi 1sitma sebekesi) igin
elektrik enerjisi Uretimi Uzerinde gérece daha disuk etkiyle ayristirabilir ve sunabilir.

Bu, asagidaki hususlardan 6turli Almanya gerceve sartlari altinda énemli bir husustur:

* Cevresel agidan, bir jeotermal 1s1 kaynaginin termal verimliligi 1sitma icin kullanildiginda 10 kata
kadar artacagindan 6nlenen karbon emisyonlari, 1si, i1sitma amaciyla kullanilirsa daha yuksektir (%10-
12'lik elektrik verimliligine kiyasla %100 termal verimlilik), diger yandan ayni oran fosil 1s1 kaynaklari
icin 2 katidir (kabaca %40'hk elektrik verimliligi icin yaklasik %80 termal verimlilik). Bu ylizden
jeotermal is1 1sitma amaciyla kullanildiginda ¢ok daha fazla fosil yakit yerine ikame edilir.

 Garantili tarife 250 €/ MWh ve net elektrik verimliligi %10 olarak alinirsa, elektrik Uretimi icin i1sinin
ekonomik degeri yaklasik 25 €/ MWh olur. Isinin ekonomik dederi 6zellikle de merkezi i1sitma olarak
kullanildiginda genelde 2 ila 3 kat daha fazladir.

* Hem cevresel hem de ekonomik ydnden isi1 kullanimi tercih edilirse, uygun isi kullanicilart en gok
yilda sinirli saat boyunca mevcuttur (kis donemi isitmasi). Bu yuzden verimli ve esnek 1si ayrismali
kombine santraller ¢ok 6nemlidir. Bu ayni zamanda Alman mevzuatinin 2. bdélimde bahsedilen
"birlesik Uretim primi" saglamasinin da nedenidir.

Tek seviyeli donglye kiyasla iki seviyeli dongu 6zellikle elektrik enerjisi Uretimi Gizerinde nispeten
dusuk etkisi olan 1sinin ayristiriimasi icin uygundur (bkz. Sek. 6'da farkh planlar nitel kargilastirmasi).
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Ornegin, Sauerlach santralinde net santral verimliligi yaklagik %11'dir. HT déngiisiiniin net verimliligi
yaklasik %12,5’ken, LT dénglslu %7,5 civarinda net verimlilige sahiptir. Jeotermal su ylksek
sicakliktaki donglyl 90°C civarinda bir sicaklikta terk eder. Bu ylzden isi tedariki yiksek sicakhktaki
doénglnin akis yonunde ayristirilabilir. Dolayisiyla temel olarak dusuk sicaklik donglstnden isiyi
cikarir (6rn. daha disUik elektrik verimliligiyle dong). Enerji kaybinin sonucu olarak merkezi isitma igin
Is1 gerektiginde dnemli dl¢lide daha az duslk seviyede olacaktir.

iki seviyeli ddéngiiniin avantajlarini bu acidan gostermek icin gercekgi Almanya cerceve sartlar altinda
asagidaki basit hesaplama yapilmigtir. ORC déngu verileri i¢in bu rapordaki tipik santral degerleri
kullanildr.

Varsayimlar:

Net Verimlilik HT dongisi: %12,5

Net Verimlilik LT dongusu: %7,5

Net Verimlilik ORC: %11

LT déngusunun emdigi i1si: 13500 kW

ORC girisindeki brine sicakligi: 140 °C

LT doéngusu girisindeki brine sicakligi: 90°C

ORC cikisindaki brine sicakhgi: 45°C

Bolge i1sitma besleme sicakhgi: 80°C

Bolge i1sitma geri donls sicakligi: 50 °C

Pinch Noktasi bolgesel 1sitma i1s1 esanjori: 3°C

TEMPERATURE

TEMPERATURE

//UN\ /
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HEAT HEAT

Sekil 6. Isinin bélgesel 1sitmaya ayrismasinda tek ve iki seviyeli déngunun karsilastirmasi.

LT dongusundeki tim 1si beslemenin 2000 salyil icin uygun bir 1si kullanicisina sunulabilecegi
varsayilir. Bu, bu stre boyunca LT doéngusunin durdurulacagi ve sadece HT dongusunin calisacagi
anlamina gelir. Sonug olarak yaklasik 2000 MWsalyillik (kayip 1si giris sureleri ORC verimliligi olarak
hesaplanir) elektrik enerjisi Gretimi kaybolur.
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Ayni elektrik verimliligine sahip tek seviyeli ddngl ile jeotermal suyun bir bélim 2000 sa/yil i¢in batdn
enerji doénustirme doénglisini (ORC) bypass ederdi. Dolayisiyla azalan akigin déngu verimliligi
Uzerindeki etkisini bile diisiinmeden en az 2650 MWsalyil kaybolacaktir (kayip isi girig streleri ORC
verimliligi olarak hesaplanir). Aslinda disik akisin ORC verimliligi Uzerindeki etkisi goéz ardi
edilemeyeceginden blyuk ihtimalle elektrik Uretimi daha yuksek olur.

Bu ilave avantajlar, nominal ¢alisma kosullarinda benzer performanslara ulasmada bir alternatif
olabilecek superkritik tek seviyeli dongu yerine altkritik iki basing seviyeli ¢ozimin segilmesindeki ana
etken olmustur.

4. GUG SANTRALI BILESENLERI
4.1 Is1 Degistiriciler ve Boruhatlar
Is1 esanjorlerinin gorevi termal enerjiyi jeotermal akiskandan ORC ¢alisma sivisina aktarmaktir.

Borulu 1s1 esanjorleri hem HT hem de LT dongusu igin kullanilir. Asinma sorunlarini dnlemek ve 1si
esanjorlerinin  dayanikhligini arttirmak igin jeotermal su ile temas eden pargalarda kullanilan
malzemeler SAF2507 super dubleks paslanmaz celiktir (6rn. tip levha, distribttor kanali, ayirma
plakasi ve 1sI esanjorl borulan). Isi esanjorleri ile jeotermal akigkanin aktigi Santral dengesi BoP
arasindaki malzeme 904L (1.4539) ostenitli paslanmaz c¢eliktir. ORC ¢alisma sivisi tarafinda 1si
esanjori muhafazalari ve boru hattinin gogu béliminde geleneksel karbon cgelik kullanilir. Hem HT
hem de LT dénguleri herhangi bir 1s1 esanjoriini devrenin geri kalanindan ayiracak kesme vanalariyla
donatiimigtir (6rn. bakim islemi i¢in). Kesme vanalari jeotermal su tarafina ve galisma sivisi tarafina
takilmistir. Bu durumda santralin sadece kiguk bir hacmi bakim igslemi sirasinda bosaltilir ve santrali
normal yapilandirmaya geri déndirmek igin harcanan zaman azalir.

4.2 Hava Sogutmali Kondenser

Jeotermal sividan gelen termal enerji kismen turbin tarafindan mekanik enerjiye dénisturilirken
kalan kismi hava sogutmali kondenserle dagitilir. Bu kondenserlerin tasarim ve tipini pek cok
parametre etkiler; bu santrallerde tasarimi etkileyen ana faktérler: ¢alisma sivisi, i¢ tiketimleri ve
glrultd seviyesidir. Calisma sivisi sizintisini (veya 6nlemek Uzere yogusma basinci atmosfer
basincindan disik oldugunda hava girisini) 6nlemek Uzere kondenserdeki tim temel parcalar
kaynakhdir ve flang yoktur. Silindirik kaynakl baglikla bir ¢6zim kullanmak Uzere geleneksel tapa
baslikh yapilandirma atilmistir. Kondenser ve boru hatti arasindaki ara baglanti agizlari da kaynaklidir.
Tup plaka borusu baglantisi da destekli kaynaklanmigtir. Hava sogutmali kondenserin kurulumu igin
bos alan, izin verilen guriltu seviyesi ve kendi icinde enerji tiketimi bu santrallerde fan malzemesi,
sanziman tipi ve motor segimini etkileyen baglantili parametrelerdir. (6rn. izin verilen guralti
seviyesinin disik ve ACC igin bos alanin kigik, GFRP fanlarinin takili oldugu durumlarda). Boru
demetleri karbon celiktendir, 1s1 aligverisi borulari lamelli borulardir; kanat¢cik malzemesi
aliminyumdur. Fanlar santral calismakta iken %35'e kadar durdurulabilir. Hava sogutmal
kondenserde paralel mod da birbirine bagl ¢ok sayida demet vardir. Demetlerdeki farkli yogusma
basincinin etkilerini sinirlamak Gzere (6rn. sahalardan birindeki fanlarin arizali olmasi), sivi fazin
toplandidi boru hatti sifon / buhar tutucu ile bir yénlendirme 6n gorur.

4.3 ORC Besleme Pompalari

Bu santrallerde farkli uygulamalar benimsenmektedir. En yiksek elverisliligi garanti eden uygulama
Sauerlach'daki jeotermal santralde mevcut olandir. HT déngusu ve LT dongusu tamamen yedekli olan
(2 x %100) 2 pompayla techiz edilmis olup, pompalardan birini veya bagka bir cihazin ve ona bagl
yedek sistemin arizalanmasi halinde, kontrol sistemi ORC santralini kapatmadan yedek pompanin
calistirlmasi igin programlanmaktadir.
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4.4 Drenaj Sistemi

Her santralde yaklasik 70 ton calisma sivisi mevcuttur. Calisma sivisinin maliyeti ve tipi drenaj
sisteminin tasarim konseptini etkilemektedir. Hava sogutmali kondenser igin hedef, bakim esnasinda
bakimdan taviz verilmeksizin ¢alisma sivisi kaybinin sinirlanmasiydi. Drenaj devresi ORC devresinin
her hacminin digerlerinden bagimsiz olarak drene edilmesini garanti edebilmektedir. Ornegin, ORC
besleme pompasinin filtresinin tikanmasi halinde, yedek pompa kullanilarak santraldeki operasyonu
muhafaza etmek mimkindir. Ayni anda kirli filtreyi devrenin kalan kisimlarindan izole etmek, sivi
fazin drenajini ve buhar fazin ana tanka geri kazanimi yapmak, temizlik islemini gergeklestirmek ve
santral c¢alismasina etkide bulunmadan ve elverislilik durumunu azaltmadan filtreyi eski haline
getirmek mumkuindur. Kurulu drenaj sistemi sunlardan olugsmaktadir:

a) Santralin tim calisma sivisi stokunu almaya yetecek hacimde bir yedek tank/alici;

b) Sivi fazi tanktan tesise ve tesisten tanka iletmek igin bir pompa ve buhar fazi gikartabilecek ve onu
yogunlastirildidi ve ana tanka génderildigi yer olan kondenserin igine itebilecek bir kompresor olmak
Uzere iki adet aktarma birimi;

¢) HFC-245fa'nin buhar fazini yogunlastirici madde olarak R-134a kullanan chiller (sogutucu) devresi.

4.5 Yardimci Ekipmanlar

ORC santrali ayni zamanda yardimci bilesen ve devrelerden olusmaktadir. Eger bir yardimci cihaz,
santralin normal isleyisiyle yakinen ilgiliyse, bu cihaz en yuksek elverigliligi garanti edecek sekilde
tasarlanacaktir. Normal isletme kosullariyla yakinen ilgili yardimci bilesenler sunlardir:

a) Yaglama devreleri. Alti farkh yadlama devresi kurulu bulunmaktadir. Her devreye monte edilmis
olan yedekli pompalar ve aygitlarla yiksek elveriglilik garanti edilmektedir. Ayrica benimsenin
konfiglrasyon, HT dongisu ile LT dongisinin gerektirdigi yaglama maddesi devreleri arasinda tam
bir ayrim olmasini garanti etmektedir. Bu sayede iki dénguden birinin durmasi halinde sadece gerekli
yaglama maddeleriyle santrali yeniden baslatmak mimkundur.

b) Yardimci sogutma sistemi. Sistem, su ve glikol karigiminin kullanildigi kapali bir devre olup, elektrik
jeneratérunu ve tarbin ile digli kutusunun makine yaglarini sogutma iglevine sahiptir. Devre, makine
yaglarinin sogutuldugu yer olan plakali i1s1 esanjoru, iki adet havali sogutucu ve iki adet pompadan
olusmaktadir. Yiksek elverigliligi saglamak icin yedekli pompalarin ve aygitlarin monte edildigi
yaglama maddesi devrelerinde oldugu gibi bu devredeki havali sogutucular da yedeklidir. Aslina
bakilirsa havali sogutuculardan birinin arizalanmasi halinde, ikincisi fanlarin hizini arttirarak 1si
glcunlin tamamini dagitabilmektedir. Bunun sonucunda normal isletme esnasinda dusuk i¢ tiketim
gerceklesmekte ve ariza halinde santralin uygun durumda olmasi garanti edilmektedir.

¢) Yogusmayan madde ayristirma sistemi. ORC devresine giren yogusmayan gazlarin (érnegin hava)
varligini izler ve otomatik moddayken onlari ayristirmakta olup (bakim iglemi veya yogusma basincinin
atmosfer basincindan disik oldugu kisin hava girisi mimkinddr), bunun sonucunda daima ilgili
tasarim yogusma basincina gore elektrik Uretiimektedir. Temizleme sisteminin bakimi halinde ORC
santralinin kapatilmasi gerekmemektedir.

d) Aygitlar. Yuksek elverigliligi garanti etmek icin ana dizenleme donguleri (6r seviye, basing) veya
ana alarmlarda yer alan aygitlar yedeklidir ve PLC'nin (programlanabilir mantik kontrolt) farkh 1/0
kartlarina baghdir.

e) Dagitilmis kontrol sistemi (DCS). Kullanilan kontrol sistemi PCS7'dir ve santralinin tamamini
yonetmekte ve kontrol etmektedir. Yedekli CPU ve sunucular kurulu bulunmaktadir. Santral otomatik
ve uzaktan mod da baslatilabilmekte ve durdurulabilmektedir.

f) Trafolar. Yedekli yukseltici ve indirici trafolar kurulu bulunmaktadir.
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4.6 Ada Modu
Sauerlach'daki jeotermal santral igin teklif kurallari uyarinca “Ada Modunda” ¢alisabilmesi gereklidir.

Sebeke arizasi durumunda ORC santrali tim yardimci donanimlar (jeotermal su pompasi dahil) igin
gerekli gliici saglayarak santralin islemeye devam etmesini saglayabilmektedir. Gl¢ ¢ikisini hassas
sekilde dizenleyebilen ve turbinin asiri hiz pik noktasini azaltan (sebeke kesintisinde) hizli tiirbin giris
ventilleri sayesinde Ada Modu basarili sekilde uygulanmis ve test edilmistir. Ada modu bir dizi avantaj
sunmakta olup, bunlar:

a) Tum santralin islemeye devam etmesi ve sebekeye yeniden baglantiya hazir olmasi.
b) Santralin kontroli ve yeniden bagslatilmasi i¢in operatdrler tarafindan daha az zaman harcanmasi.
c) Jeotermal pompa igin baglatma ve durdurma dongu sayilarinin sinirlanmasi.

d) Jeotermal pompa -800 metreye monte edilmisti. Pompanin sik sik durdurulup baslatiimasi
ylizeydeki gu¢ blokuna baglayan dikey kuyu hatti boyunca (yaklasik 800 metre) malzeme birikintisine
neden olmaktadir. Bazen bu blylk miktardaki birinkinti jeotermal pompanin baslatiimasini
engelleyebilmektedir. Baglatma ve durdurma doéngdlerini sinirlamak kuyu pompasinin daha saglikli
¢alismasini saglamaktadir. Aksi takdirde kuyudibi jeotermal akiskan pompasini s6kmek ve hatta
temizlemek igin uzun ve pahali bakim islemleri gerekli olabilmektedir. Not: Jeotermal Pompalar
Turboden'in tedarik kapsaminda yer almamaktadir.

e) icerisinde jeotermal su bulunan boru hatti ve filtredeki akisin kesintiye ugramasinin engellenmesi.
Aslinda santral kapatildiginda, bu durumda borular ve filtreler igerisinde kireclenme ve ¢okelti olusma
riskini arttirmaktadir. Temizleme igslemi zaman ve maliyet gerektirmekte olup, elverislilik Gzerinde
olumsuz etkisi vardir.

f) Bolgesel isitmaya her zaman dengeli 1siI transferi dnemlidir.

5. CALISMA DURUMU

Rapor tamamlandiginda (Aralik 2014), anlatilan U¢ jeotermal santral, garanti edilenden daha yiksek
performansla ¢calismaktaydi, emre amadelik durumu asagidaki istatistikler gibidir.

Liitfen kaydedilen sdrenin sinirli gézlem déneminde ORC santralinin elverisliliginin belirtiimesi igin
operatérler tarafindan resmi olarak bildirildigine dikkat ediniz; ancak santraller 12 Aralik ile 13 Ocak
tarihleri arasinda calistiriimig oldugu igin Turboden raporlarina goére gercek calisma slresi daha
uzundur.

Sauerlach: Gézlem dénemi: 13 ay; Kaydedilen toplam ¢alisma suresi: %95 elveriglilikle 8.648 saat

Duerrnhaar: G6zlem dénemi: 11 ay; Kaydedilen toplam ¢alisma suresi: %95 elveriglilikle 7.440 saat
Kirchstockach: Gézlem dénemi: 14 ay; Kaydedilen toplam c¢alisma suresi: %92,5 elveriglilikle 10.670
saat

Potansiyel olarak Uretilebilecek enerjiyi distrmis olan jeotermal derin kuyu pompalarinin (Turboden'in
tedarik kapsaminda yer almamaktadir) biyik problemleri olmasina ragmen ¢ santral basarili sekilde
devreye alinmig ve ince ayar yapilarak isletmeciler tarafindan resmen kabul edilmistir.
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6. TURKIYE'DEKi GERGEVE KOSULLAR iCiN TURBODEN GOZUMLERI

Daha 6nce agiklandigi Uzere, Almanya'daki jeotermal santralde sebeke beslemesi yapilan elektrik igin
verilen deder 25 €c/kWh'a kadar ulasabilmektedir (kur 1,25 $/€ olarak alindiginda yaklasik 310
$/MWh). Tirkiye'deki cerceve kosullar kapsaminda karsilastiriidiginda, tarife garantisi oldukga
disuktir (yerel igerik payina bagl olarak 105 ile 118 $/MWh arasinda). Diger taraftan sondaj
maliyetleri ve riskleri olduk¢a disuk oldugundan yatirimcilar igin iyi derecede uygulanabilirligi ve
géreceli olarak dusik kaynak olusturma maliyetlerine izin vermektedir. Ek olarak Uretim kuyulari
genelde kuyudibi pompalar olmadan igletilebilen artezyenik akisli kuyular olup, ilgili teknik riski ve
elektrik i¢ tiketimini (bu tiketim tipik bir Alman projesinde brit glciin %20'sine kadar ulasabilmektedir)
ortadan kaldirmaktadir. Bunun sonucunda Turkiye pazari orta entalpi jeotermal santraller agisindan
dinyadaki en blylk pazarlardan biri haline gelir (2014 yilinda hepsi ORC unite tabanl olan 175MWel
kurulmusgtur).

Dusuk elektrik Uretimi degerinin birinci sonucu, R245fa sodutucu maddesinin ilave maliyetinin
normalde elektrik Uretiminden gelen ek nakit akisi agisindan gerekgeli olmamasidir. Ek olarak,
Tarkiye'deki jeotermal santraller genellikle yerlesim olmayan alanlarda hayata gegirildiginden ¢alisma
sivilarinin  yanicihgr nadiren sorun teskil etmektedir. Turboden, bu nedenle Tlrk projeleri igin
hidrokarbon calisma sivisi tabanli santralleri de teklif etmektedir.

Tipik Turkiye cerceve kosullari, gaz patlama basincinin oldukga altinda kuyu basi basinglari olan
kendinden akish kuyular saglamaktadir. Bu sekilde kuyubasinda elektrik uretimi icin iki fazli jeotermal
akigkan mevcuttur. Normalde iki faz kuyubasindan ayrilir ve ayri sekilde ORC Unitesine gonderilir.
Tipik ¢6zim ¢alisma sivisinin buharlastiriimasi icin iki akisin paralel kullanimini 6ngérmekte olup,
Ozellikle Sekil 7'deki ¢6zim bir tanesi jeotermal akig, bir tanesi de buhar igin olmak Uzere iki adet
tahsisli ve ayri boru demeti olan tek bir huzme evaporatér kullanimi 6ngérmektedir. Buhar evaporatori
demetinden gelen buhar, evaporator demetinden gelen jeotermal suyla karistirilir ve galisma sivisinin
yeniden isitilmasindan kullanilir.

TURBINE
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Sekil 7. Calisma sivisini buharlastirmak igin buhar ve brine kullanilarak olusturulmus tek kademeli
cevrim kavramsal modeli (P&l)

Yogusmayan gazlarin varhdindan dolayi buhar akisi, sicaklik duslsuyle birlikte azalan is1 kapasiteli
karakteristik bir 1sI1 salimi egrisine sahiptir. Isi salimi egrisinin kesin sekli akisin asil 6zelliklerine (buhar
fraksiyonu, yogusmayan gaz fraksiyonu basing) baglidir.
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Buharlasma isisinin bir kisminin buhar yogusmasindan geldigi gercegi 1s1 salimi egrisinin, ¢alisma
sivisinin 1si emme egrisiyle eslestiriimesine yardimci olabilmektedir. Genelde, kuyubasi akisindaki
artan buhar igerigiyle azalan iki basing seviyesi kullanilarak ek performans elde edilebilmektedir. Bu
durum, 140°C'deki jeotermal kaynakta ¢alisma sivisi olarak izobitan kullanilan tek basing seviyeli bir
donguyl temsil eden asagidaki sicaklik/isi diyagramlarinda agik sekilde gosterilmektedir. Sol tarafta
(a durumu) g6z ardi edilebilir buhar igerigi varsayilirken, sag tarafta (b durumu) toplam kitle akiginin
%6's1 buhar akisi olarak varsayilimaktadir (4 Bar abs basingta %5 buhar ve %1 Yogusmayan Gaz)

T- Q diagram T-Q diagram
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20,0 2,0
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Sekil 8. 140°C'deki jeotermal kaynakta calisma sivisi olarak izobiltan kullanilan tek basing seviyeli
buhar igeriksiz (a durumu: sol taraf) ve %5 buhar ve %1 Yogusmayan Gaz igerikli (b durumu: sag
taraf) bir dénglnun sicaklik/is1 diyagrami.

Sagdaki diyagram buhar yogusmasindan gelen ilave i1sinin ¢alisma sivisinin buharlagsma isisinin ilgili
bir kismini kapsadigini ve sicaklik/isi diyagramindaki tuzlu su soguma ve calisma sivisi yeniden
Isinma ¢izgilerine benzer bir egriye yol actiyini géstermektedir. Calisma sivisinin yeniden isinmasi ve
tuzlu su soguma egrilerinin eslesmesinin sagdaki diyagramda (b durumu) iyi sekilde iken soldaki

diyagramda (a durumu) iyi sekilde olmadigi agiktir.

Ayni 1si aligverisi ylzeyi ve ¢alisma sivisi kullanilarak iki basing seviyeli dongude elde edilebilecek ek
net gui¢ her iki senaryo igin hesaplanmistir. Hesaplamalar agsagidaki varsayimlara gore yapilmistir:

Jeotermal Akigkan sicakligi: 140°C

Buhar igerigi: a durumunda %0; b durumunda %6 (4 Bara basingta %5 buhar ve %1 Yogusmayan
Gaz)

Yogusma sicakligi: 35°C

ORC'den minimum tuzlu su ¢ikis sicakhgi 70°C
Turbin isentropik verimliligi: %85

Pompa isentropik verimliligi: %75

*a durumu icin 2 basing seviyeli dongunin ek gicu %6.5 ile b durumu icin bu g6z ardi edilebilirdir.

Yukaridaki hususlar, basarili Alman santrallerinde kullaniimakta olan iki basin¢ seviyeli ¢6zimin
sadece bazi Turk projeleri (dustuk buhar icerigi mevcut iken) icin avantajli iken, diger durumlarda
(yUksek buhar icerigi mevcut iken) tek basing seviyeli dénginin en iyi segenek olacagini
gOstermektedir.
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Turboden aslinda teklif verme asamasinda farkh ¢ézimleri karsilastirmakta ve daima herhangi bir 6zel
projenin kendine 6zgu ihtiyaglarina en uygun ¢ézimu 6énermektedir.
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TURBODEN GEOTHERMAL REFERENCES IN BAVARIA
AND ADVANTAGES OF THIS PROVEN SOLUTION UNDER
TURKISH FRAME CONDITIONS

Andrea DUVIA
Joseph BONAFIN

ABSTRACT

The paper introduces the recent experience of Turboden with three 5 MW state of the art geothermal
power plants in Bavaria, and the status of the operations.

A focus on the technology of these plants is made, particularly describing the type of thermodynamic
cycle, the adopted scheme for district heating heat decoupling, the optimization drivers.

The importance of working fluid selection for optimized efficiency, and the selection of key
components like heat exchangers and air-cooled condenser is highlighted.

The German frame regulation for incentive scheme and grid requirements are described and
compared with Turkish frame conditions. Island mode operation is pointed-out and discussed.

Finally, the advantages of the adopted solution are summarized, together with the economic benefits
in terms of enhanced energy production under Turkish frame conditions.

Key Words: ORC, Geothermal, Binary Plant, District Heating, Double Pressure, Island Operation.

1. INTRODUCTION: TURBODEN GEOTHERMAL PLANTS IN BAVARIA

Turboden stands among the pioneers of Organic Rankine Cycle Technology (ORC), being at the
same time a European Leader for biomass, heat recovery and Geothermal applications.

Currently there are more than 240 Turboden ORC plants in operation, featuring in-house designed
turbines, and further 40 plants under construction. Turboden ORC units have demonstrated an
average availability exceeding 98% and more than 5,000,000 operating hours have been reached.

Between 2012 and 2013, Turboden has successfully implemented a 5 MW geothermal power plant for
the Munich Public Utilities Company SWM (in Sauerlach), and two other 5.6 MW plants in the same
region for the leading company Hochtief Energy Management, now SPIE Group (in Durrnhaar and
Kirchstockach). As described in chapter 5, these power plants have already achieved thousands of
operating hours, also exceeding the expected performances.

A fourth geothermal plant has been recently awarded in Bavaria to Turboden. The 4.1 MW
cogenerative geothermal plant that will be installed in the city of Traunreut, will deliver, in addition to
the electric power produced, up to 12 MW thermal power to the community.

Turboden has always looked at geothermal energy with great interest since its origin, starting from the
plant in Zambia (1988) and Altheim, that is running continuously since 2001.
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Turboden over 30 years’ experience in the construction of ORC turbogenerators made it possible to
construct units with high performance as well as high reliability and availability, together with low
maintenance and operational costs.

In the following table the main features of the plants delivered by Turboden in operation in Bavaria are

presented.

Table 1. Plant statistics.

Figure 1. Durrnhaar geothermal plant.

Figure 2. Sauerlach geothermal plant.

Site Sauerlach Duerrnhaar | Kirchstockach
P gross kW 5000 5600 5600

P net kW 4500 5000 5000
Waterinlet T °C 140 138 138
Water flow I/s 110 130 130
Design ambient T °C 7,4 8 8
Working Fluid R-245fa R-245fa R-245fa
Cooling System ACC ACC ACC
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2. FRAME CONDITIONS OF GEOTHERMAL PROJECTS IN GERMANY

The incentive schemes of feed-in tariffs provided by the German Renewable Energy Sources Act
(EEG) made possible the market introduction of renewable energy sources for electricity generation.
The basic principle of the EEG is that the operators of electricity grids are obliged to accept and give
priority to electricity provided by renewable energy sources and to pay minimum prices stipulated by
law for a 20-year period, Gassner (2010) [1].

The feed-in tariffs for geothermal power, which have only been valid since 2000, have not yet fulfilled
market growth expectations.

For this reason, the tariffs were increased in these years. The high drilling and water circulation risks
and related costs, due to the very deep reservoirs, still represent in Germany a barrier to investment
which has not yet been balanced out by the feed-in tariffs.

So far, the continued interest in mining claims, which are a prerequisite for developing a project,
confirms the interest in geothermal power generation.

At the time of the bid and design of the three power-plants before presented, the feed-in tariff was 20
€-cents per kilowatt-hour for gross electrical output.

In addition, a heating-use bonus of 3 €-cents per kilowatt-hour was guaranteed when electricity
generation was combined with delivery of heating energy.

As of June 2014, the heat-bonus has been integrated to an increased feed-in-tariff of 25 €- cents per
kilowatt-hour, to be paid on the Gross Power, while the cost for the auxiliaries consumption was given
by the market value, i.e. approximately the half of the feed in price. For obvious reasons,
thermodynamic solutions that enhanced the Gross power with correspondingly higher auxiliary
consumptions seemed to be suitable (e.g. Super Critical cycle). However, the expected inflation trend
of the cost of the auxiliaries has always concerned the developers and driven the choice to optimized-
net-power-cycles like the two level pressure implemented by Turboden.

3. THE TWO (DOUBLE) LEVEL PRESSURE CYCLE PRINCIPLE

In general, when a variable temperature source is available (geothermal water) and the economic
frame conditions push towards the adoption of high heat exchanger surface, the adoption of technical
solutions that allow to match the form of the heat release curve of the geothermal water with the heat
absorption curve of the energy conversion cycle are convenient.

When a classic subcritical ORC cycle is selected the heat transfer curve has the typical shape
represented in Fig 3 below.

11 TEMPERATURE vs EXCHANGED POWER

Q

Figure 3. Temperature/Heat diagram of saturated single level cycle showing the pinch point.
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The presence of a minimum temperature difference point “pinch point” at the beginning of the working
fluid evaporation does not allow an effective matching of the two curves. As a result, when the pinch
point temperature difference (temperature difference between points 7 and 3 in Fig. 3) becomes small,
the increase of heat exchange area becomes increasingly ineffective in terms of additional power that
can be achieved.

For example, for a single level cycle with 245fa as working fluid with 2°C pinch point, operating on a
geothermal water heat source at 150°C, the increase of the heat exchange area up to 250% of the
original value would cause a power increase of less than 1%, Gassner (2010) [1].
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Figure 4. Influence of the heat exchange area on performance starting form a pinch point of 2°C
according to, Gaia and Pietra (2013) [2].

In order to increase the power production with enhanced heat exchange area, the aforementioned
power plants implemented by Turboden use two-evaporation pressure level cycles. With the input
available at the plant locations (about 140°C) this solution allows a significant performance increase
compared to a single level cycle assuming same heat exchange area.

In order to show the advantages of the two level cycle, a comparison has been made with two different
single level cycles under typical German frame conditions. The cycles have been compared with same
assumptions for component efficiencies and heat exchange coefficients comparing the required heat
exchange surface and the achievable net power.

Main Assumptions:

Geothermal Fluid (liquid) temperature: 140°C

Condensing temperature: 20°C

Superheating: 2 °C

Turbine isentropic efficiency: 85%

Pump isentropic efficiency: 75%

A two-level cycle with HFC 245fa as working fluid and 3°C pinch point has been used as base case
with 100% net power and 100% required heat exchange surface.
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Figure 5. Comparison of two level cycle with saturated single level cycles for typical German frame
conditions.

The comparison shows that, with the above assumptions, about 10% additional net power can be
produced with same hot heat exchange area compared to a saturated single level cycle.

Similar results can be obtained with a supercritical cycle where the matching of heat release curve is
obtained thanks to the shape of the typical supercritical heat absorption curve with transition from
liquid to vapor at variable temperature.

On order to simplify the cycle control and add redundancy to the system, the two pressure levels are
conceived as two working fluid loops that are completely independent working fluid side, being only
interconnected on geothermal water side.

The selection of the working fluid was based on the optimization analysis of the power production for a
given value of heat exchange area and with careful estimation of turbo machinery efficiencies. In this
comparison, the refrigerant R245-fa proved to be the most favorable solution mainly due to the
following characteristics.

» Favorable heat absorption curve for a two level cycle fed with water at about 140°C
» Reduced enthalpy drop compared to hydrocarbons allowing for a particularly high turbine efficiency.

In addition, the fact that this working fluid is not flammable was positively evaluated by the customers -
in particular for the Sauerlach plant close to inhabited area, where installation inside a building was
required.

This solution implemented by Turboden has also the following additional technical advantages that are
particularly important in German frame conditions.

3.1 Redundancy

The two working fluid loops are completely independent and therefore one loop can be operated also
when the other cycle requires to be shut down for maintenance activities.

In case one of the turbines (say the high-temperature “HT” turbine) requires to be shut down, the
whole unit will be shut down, and re-started in a very short time. In fact the electric generator is the
only item connecting the two parts of the plant, and it can be disconnected quickly (operation
sequence required: remove coupling cover, remove coupling bolts, re-install coupling cover, actuate
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valves, select turbine low-temperature “LT only’ operation, re-start ORC). This operation would require
about 1,5 hours, including re-start.

In addition to this, the overall energy production will be higher if the different loops are stopped for
maintenance at different times because in “LT only” operation the low temperature cycle will benefit
since the geothermal water is not cooled by the high temperature loop. Thanks to a suitable design of
turbine and working fluid loop, and overdesign of the working fluid pumps, in “LT only” operation mode
the plant can achieve a relevant overload compared to the nominal production of LT cycle.

3.2 Efficient heat decoupling

Another advantage compared to a single level cycle is the possibility to decouple and deliver heat for a
heat user (e.g. district heating grid) with comparatively lower impact on the electric power production.

This is a key point under German frame conditions due to the following reasons:

* From environmental point of view, the saved carbon emissions are higher if the heat is used for
heating purposes, due to the fact that the thermal efficiency for a geothermal heat source is up t010
times higher when it is used for heating (100 % thermal efficiency compared to 10 — 12 % electrical
efficiency), while the same ratio is about 2 for fossil heat sources (roughly 80% thermal efficiency
compared to roughly 40% electrical efficiency). Thus geothermal heat displaces much more fossil
fuels if used for heating purposes.

» The economic value of the heat for electricity production is roughly 25 €/ MWh if a feed in tariff of 250
€/MWh and a net electrical efficiency of 10% are considered. Economic value of heat is often 2 to 3
times higher, especially if used for district heating.

» While heat use is preferred from both environmental and economic point of view, suitable heat users
are mostly available only for a limited number of hours per year (winter heating). Therefore combined
plants with efficient and flexible heat decoupling are considered as very important. This is also the
reason why the German legislation was providing for a “bonus for cogeneration”, as indicated in
chapter 2.

Compared to a single level cycle the two level cycle is particularly suitable for the decoupling of heat
with comparative lower impact on the electric power production (see qualitative comparison of the
different schemes in Fig. 6).

For example in the Sauerlach plant the net plant efficiency is about 11%. The HT loop has a net
efficiency of about 12,5% while the LT loop has a net efficiency of about 7,5 %. The geothermal water
leaves the high temperature loop at a temperature of about 90°C. Therefore the heat supply can be
decoupled downstream of the high temperature loop, therefore subtracting manly the heat from the
low temperature loop (i.e. the cycle with lower electric efficiency). As a result the energy loss when the
heat is required for district heating will be significantly lower.

In order to show the advantages of the two level cycle from this point of view, the following simple
calculation under realistic German frame conditions was performed. For the ORC cycle data typical
values of the plants described in this paper were used.

Assumptions:

Net Efficiency HT cycle: 12,5%

Net Efficiency LT cycle: 7,5%

Net Efficiency ORC: 11%

Heat absorbed by LT cycle: 13500 kW
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Brine temperature at ORC inlet: 140 °C

Brine temperature at inlet of LT cycle: 90°C

Brine temperature at ORC outlet: 45°C

District heating feed temperature: 80°C

District heating return temperature: 50 °C

Pinch Point district heating heat exchanger: 3°C
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Figure 6. Comparison of single vs two level cycle for heat decoupling to district heating.

It is also assumed that the whole heat feeding the LT cycle can be delivered to a suitable heat user for
2000 h/year. This means that for this period the LT cycle will be stopped and only the HT cycle will
operate. Consequently about 2000 MWh/year (calculated as lost heat input times ORC efficiency) of
electric energy production will be lost.

With a single level cycle with same electrical efficiency, a part of the geothermal water would bypass
the complete energy conversion cycle (ORC) for 2000 h/year. Hence, even without considering the
impact of the reduced flow on cycle efficiency, at least 2650 MWh/year (calculated as lost heat input
times ORC efficiency) would be lost. In fact, most probably the electricity production loss will be higher
because the impact of the lower flow on ORC efficiency will not be negligible.

These additional advantages, have been a key point for the selection of the subcritical two pressure

level solution instead of a supercritical single level cycle, that could have been an alternative way of
reaching similar performances at nominal operating conditions.

4. POWER PLANT COMPONENTS
4.1 Heat Exchangers and pipelines

Heat exchangers have the function to transfer the thermal power from the geothermal water to the
ORC working fluid.

Shell & Tube heat exchangers are used for both the HT and LT cycle. To avoid corrosion issues and
increase durability of the heat exchangers, the material adopted for the parts in contact with
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geothermal water, is the super duplex stainless steel SAF2507 (e.g. tubesheet, distributor channel,
partition plate and heat exchanger tubes).The material of the interconnecting pipeline between heat
exchangers and Balance of Plant BoP, where the geothermal water flows, is 904L (1.4539) an
austenitic stainless steel. On the ORC working fluid side traditional carbon steel is used for the heat
exchangers shells and for most of the piping. Both HT and LT cycles are equipped with shut-off valves
able to isolate any heat exchanger from the rest of the circuit (i.e. for maintenance operation). Shut-off
valves are installed on geothermal water side and on the working fluid side. In this case only a small
volume of the plant shall be drained during maintenance operation and the time spent to restore the
plant in the normal configuration will be shorter.

4.2 Air Condenser

Part of the thermal power coming from the geothermal fluid is converted to mechanical power by the
turbine, the remaining is dissipated by means of the air condenser. Many parameters can influence
the design and the type of the air condenser, in these plants the main drivers that influenced the
design have been: working fluid, own consumptions and noise level. In order to avoid leakage of
working fluid (or inlet of air when the condensing pressure is lower than atmospheric pressure), all the
main components of the air condenser are welded, and no flanges are present. A traditional
configuration with plugs bonnet was discarded to adopt a solution with cylindrical welded bonnet. Also
the interconnection nozzles between condenser and pipeline are welded. The tube to tubesheet
connection is strength- welded, too. Free area available to install the air condenser, noise level
allowed and power own consumption are linked parameters that in these plants influenced the choice
of material of the fans, type of transmission and motors. (i.e. where the noise level allowed was low
and the free area available for the ACC small, GFRP fans are installed). Tube bundles are made in
carbon steel, the heat exchanging tubes are finned tubes; material of the fin is aluminum. Up to 35%
of fans can be stopped, with the plant still running. The air condenser is composed by a large number
of bundles interconnected each other in parallel mode. To limit the influences of different condensing
pressure of the bundles (i.e. fans of one bay out of order), the pipeline, where the liquid phase is
collected, foresees a routing with the presence of a syphon / vapor trap.

4.3 ORC feed pumps

Different configurations are adopted in these plants. The configuration able to guarantee the highest
availability is the one present in geothermal power plant of Sauerlach. HT cycle and LT cycle are
equipped with 2 pumps, completely redundant (2x100%), and in case of failure of the one pumps or
other device and auxiliary connected to it, the control system is programmed to switch on the stand-by
redundant pump without shutdown the ORC plant.

4.4 Drainage system

About 70 tons of working fluid is present in each plant. Cost and type of the working fluid influenced
the design concept of the drainage system. As for the air condenser, the target was to limit the loss of
working fluid during maintenance, without compromising the maintenance operation. The drainage
circuit is able to guarantee to drain each volume of the ORC circuit independently by the others. For
example, if the filter of the ORC feed pump is clogged, it is possible to maintain in operation the plant
using the redundant pump, meanwhile it is possible to isolate the dirty filter from the rest of the circuit,
drain the liquid phase and recover the vapor phase into the main tank, execute the cleaning operation
and to restore the filter without to influence the operation of the plant and decrease of the availability.
Drainage system installed consist of:

a) A tank/receiver with a volume sufficient to contain all the inventory of working fluid of the plant;
b) Two transfer items; a pump to move the liquid phase from the tank to the plant or vice-versa and a
compressor, able to extract the vapor phase and to push it in a condenser where it is condensed and

conveyed into the main tank;
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c) Chiller circuit using R-134a as medium to condensate the vapor phase of HFC-245fa.

4.5 Auxiliary equipment

ORC plant is also composed from auxiliary components and circuits. If an auxiliary device is closely
related to the normal operation of the plant, it shall be design in order to guarantee the highest
availability. Auxiliary components closely related with normal operating condition are:

a) Lubrication circuits. Six different lubrication circuits are installed. High availability is guaranteed by
redundant pumps and instrumentation installed on each circuit. Furthermore the configuration adopted
guarantees to have a complete division between lubricant circuits required by the HT cycle and
lubricant circuits required by LT cycle. Therefore in case of stop of one of the two cycles it is possible
to re-start the plant with the required lubricant circuits only.

b) Auxiliary cooling system. It is a close circuit where a mixture of water and glycol is used, the system
has the function to cool the electric generator and the lubricant oils of turbine and gearbox. Circuit is
composed from: plate heat exchangers where the lubricant oils are cooled, two air cooler and two
pumps. Like for lubricant circuits, where redundant pumps and instrumentation are installed to have an
high availability, in this circuit also the air coolers are redundant. In fact in case of failure of one air
cooler the second is able to dissipate the full thermal power by increasing the speed of the fans. The
result is low own consumption during the normal operation and availability of the plant guaranteed in
case of failure.

¢) Non-condensable purging system. It monitors the presence of hon-condensable gases (e.qg. air) into
the ORC circuit and in automatic mode it is able to purge them (inlet of air is possible during
maintenance operation or in Winter when the condensing pressure is lower than atmospheric
pressure); the result is a production of electricity always in according with relative design condensation
pressure. In case of maintenance on the purging system the shutdown of the ORC plant is not
required.

d) Instrumentation. To guarantee a high availability the instruments involved in main regulation loops
(i.e. level, pressure) or main alarms are redundant and connected in different I/O boards of the PLC.

e) Distributed control system (DCS). The control system used is PCS7 and it manages and controls
the whole plant. Redundant CPU and redundant servers are installed. The plant can be started-up and
stopped in automatic and remote mode.

f) Transformers. Redundant step-up and step-down transformers are installed.

4.6 Island Mode

For the geothermal power plant in Sauerlach, Island Mode operation was required by the bidding
rules.

In case of failure of the grid the ORC plant is able to supply the power required by all auxiliaries
(included the geothermal water pump), thus maintaining the plant in operation. The Island Mode has
been successfully implemented and tested thanks to fast turbine admission valves, that can finely
regulate the power output and mitigate the over-speed peak of the turbine (at grid failure) . Island
mode presents a list of advantages, the main are:

a) Whole plant is maintained in operation and ready for a new re-connection with the grid.

b) Less time is spent by the operators to check and re-start the plant.

¢) Limitation of the number of start and stop cycles for the geothermal pump.
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d) Limitation of large precipitation of dirt along the vertical well (about 800 meters) interconnecting the
geothermal water pump (installed at -800 meter) with the power block on the surface. Sometimes this
large deposit can inhibit the start-up of the geothermal pump. Long and expensive maintenance
operations would be otherwise required to dismount the downhole geothermal fluid pump and to clean
the line.

e) Avoid the interruption of the flow in the pipeline and filter where the geothermal water is present. In
fact when the plant is shutdown, it increases the risk to have scaling and precipitations inside the
tubes and filters. Cleaning operation would require time and cost with negative effect on the
availability.

f) Increased availability of the delivery of the heat to the district heating.

5. OPERATION STATUS

At the time of the paper conclusion (Dec. 2014), the three geothermal plants described are in
operation since several thousands of hours, with performances higher than the guaranteed, and
availability as per the following statistics.

Please note that the recorded time has been officially communicated by the operators to indicate the
availability of the ORC plant in a limited observation period; however, the effective operation time has
been longer as per Turboden’s reports, as the plants have been started-up between December ’12,
and January ’'13.

Sauerlach: Observation Period: 13 months; Total recorded operation time: 8.648 hrs @ 95%
availability

Duerrnhaar: Observation Period: 11 months; Total recorded operation time: 7.440 hrs @ 95%
availability
Kirchstockach: Observation Period: 14 months; Total recorded operation time: 10.670 hrs @ 92,5%
availability

Despite there have been major problems in the geothermal submersible pumps (not included in
Turboden’s scope of supply) that reduced the total energy potentially producible, the three plants have
been successfully commissioned and fine-tuned, and formally accepted by the operators.

6. TURBODEN SOLUTIONS FOR TURKISH FRAME CONDITIONS

As already explained, in a geothermal plant in Germany the value granted for the electricity fed into
the grid can reach up to 25 €c/kWh (ca. 310 $/MWh considering an exchange rate of 1,25 $/€). In
comparison under Turkish frame conditions the feed in tariff is substantially lower (between 105 and
118 $/MWh depending on the share of local content). On the other hand drilling costs and drilling
risks are substantially lower allowing good feasibility and relatively low resource development risks for
investors. In addition production wells are typically self flowing wells that can be operated without
downhole pumps, hence eliminating the associated technical risk and electrical own consumption (this
consumption can reach up to 20% of gross power in a typical German project). As a result the Turkish
market has developed to be the biggest market in the world for medium enthalpy geothermal plants
(175 MWel installed in 2014 all of which based on ORC units).

A first result of the lower value of the electricity production is that the additional cost for the refrigerant
R245fa is normally not justified in terms of additional cash flow from electricity production. In addition
flammability of working fluid is rarely a concern in Turkish geothermal power plants as the plants are
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typically realized in not inhabited areas. Turboden therefore mostly proposes plants based on
hydrocarbon working fluids for Turkish projects.

Typical Turkish frame conditions provide for self flowing wells with wellhead pressures that are well
below gas breakout pressure. Therefore at wellhead a two phase geothermal fluid is available for
electricity production. Normally the two phases are separated at wellhead and sent separately to the
ORC unit. The typical solution considers to use the two flows in parallel for working fluid evaporation.
The condensate from the vapor evaporator is mixed with brine exiting the liquid evaporator and used
for working fluid preheating.
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Figure 7. Conceptual P&l for pressure single level cycle using vapor and brine for working fluid
evaporation.

Due to the presence of incondensable gases the vapor flow has a characteristic heat release curve
with heat capacity that decreases together with temperature reduction. The exact shape of the heat
release curve depends on the actual characteristics of the stream (steam fraction, NCG fraction and
pressure).

The fact that a part of the evaporation heat comes from the vapor condensation can help in matching
the heat release curve with the heat absorption curve of the working fluid. In general the additional
performance achievable by using a two pressure level decreases with increasing steam content in
wellhead flow. This is shown clearly in the temperature/heat diagrams below that represent a single
pressure level cycle with isobutane as working fluid with a 140°C geothermal source. In the left figure
(case a) negligible steam content is assumed while in the right figure (case b) a vapor flow of 6% of
total mass flow is assumed (5% steam and 1% NCG at 4 Bar abs pressure).
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Figure 8. Temperature/Heat diagram of single pressure level isobutane cycles on a 140°C geothermal
source without vapor content (case a: left side) and with 5% steam plus 1% NCG content (case b:
right side).

The diagram on the right shows that the additional heat coming from the vapor condensation covers a
relevant part of the evaporation heat of the working fluid and leads to a similar slope of brine cooling
and working fluid preheating lines in the temperature/heat diagram. It is evident that the matching of
working fluid preheating and brine cooling curves is not good in the left diagram (case a) while it is
good in the right diagram(case b) .

The additional net power that can be achieved with a two pressure level cycle with same heat
exchange surface and working fluid has been calculated for both scenarios. The calculations have
been run with the following assumptions:

Geothermal Fluid temperature: 140°C

Vapor content: case a 0%; case b 6% (5%steam and 1% NCG at 4 Bara pressure)

Condensing temperature: 35°C

Minimum brine outlet temperature from ORC: 70°C

Turbine isentropic efficiency: 85%

Pump isentropic efficiency: 75%

The additional power of the 2 pressure level cycle is 6,5% for case a while it is negligible for case b.
The above considerations show that the two pressure level solution adopted in the successful German

plants is advantageous only in some Turkish projects (with low steam content available) while in other
cases (with high steam content available) a one pressure level cycle will be the best choice.

Turboden is actually comparing different solutions in the bidding phase and proposing always the most
appropriate solution for the specific needs of any specific project.
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