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ABSTRACT

NOVEL SCHEMES TO HYBRIDIZE GEOTHERMAL POWER PLANTS
WITH CONCENTRATED SOLAR THERMAL AND BIOMASS

Celebi, Bertug Serhan
M.S., Department of Mechanical Engineering
Supervisor: Prof. Dr. Derek Keith Baker

June 2024, [T19] pages

A novel three-way hybridization, having geothermal-CST-biomass, is studied in this
research. Kizildere-2 (KZD-2) triple flash and binary hybrid geothermal power plant
(GPP) is used as a case study. Furthermore, its issues related to enthalpy decrease
with years, causing excess capacities in turbines, declining performance during sum-
mer days, and lack of flexibility and dispatchability are addressed. A topping cycle
of hybrid CST-biomass running on a steam Rankine cycle is designed. This topping
cycle would generate its own power and also supply an additional steam flow to the
bottoming KZD-2 GPP, using its excess turbine capacity. The model is built and
simulated on the TRNSY'S environment to study the effects of daily and seasonal re-
source variations. The biomass resource used is the local Olive Residue (OR), found
more during winter harvest times. Moreover, for CST, parabolic trough collectors are
used. The resulting study showed that the solar resources during summer times can
help cover for the declining performance of KZD-2. Moreover, the biomass resource
OR can add more power during winter when solar resources are lacking. The two
combined can supply KZD-2 with an additional steam flow that brings its Interme-

diate Pressure Turbine (IPT) back to total capacity. Lastly, biomass can be used as a



readily available energy resource with variable combustion rates to account for hourly
fluctuations. This way, the flexibility and dispatchability of the plant are increased.
The results showed that in sunny and clear sky conditions, more than 20 MW, of ad-
ditional power can be obtained. The resulting biomass fuel consumption rate changes
between 4.2 - 5.8 kg/s, depending on the season and solar resources available. Lastly,
a techno-economic analysis is performed, resulting in an LCOE of 81.19 $/MWh, and
a payback period of 5 years with YEKDEM purchasing agreement and 9 years with
spot market prices. which are competitive values among renewable energy technolo-

gies.

Keywords: hybridization, geothermal, Concentrated Solar Thermal (CST), biomass
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0z

JEOTERMAL ENERJI SANTRALLERINI KONSANTRE GUNES ENERJISI
VE BIYOKUTLE ILE HIBRITLESTIRMEK ICIN YENI PLANLAR

Celebi, Bertug Serhan
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Derek Keith Baker

Haziran 2024 , sayfa

Bu aragtirmada jeotermal-CST-biyokiitle iceren yeni bir {i¢ yonlii hibridizasyon ince-
lenmigtir. Kizildere-2 (KZD-2) iiclii flas ve ikili hibrit jeotermal enerji santrali (JES)
bir vaka caligmasi olarak kullanilmigtir. Ayrica, yillar icinde entalpi diisiisii nedeniyle
tirbinlerdeki fazla kapasiteler, yaz giinlerinde performans diisiisii ve esneklik ve ile-
tim eksikligi gibi sorunlar ele alinmigtir. Bir buhar Rankine cevrimi tizerinde ¢alisan
hibrit CST-biyokiitle ile calisan bir iist cevrim tasarlanmistir. Bu iist ¢cevrim, kendi
giiclinil iiretecek ve ayrica KZD-2 JES’in alt ¢evrimine ek bir buhar akis1 saglayarak,
fazla tiirbin kapasitesini kullanacaktir. Model, giinliik ve mevsimsel kaynak degisim-
lerinin etkilerini incelemek i¢in TRNSYS ortaminda olusturulmus ve simiile edilmis-
tir. Kullanilan biyokiitle kaynagi, kis hasat zamanlarinda daha fazla bulunan yerel
zeytin posasidir (OR). Ayrica CST icin, parabolik oluklu kolektorler kullanilmistir.
Ortaya cikan calisma, yaz aylarinda giines kaynaklarinin KZD-2"nin azalan perfor-
mansini karsilamaya yardimei olabilece8ini gostermistir. Ayrica, biyokiitle kaynagi
OR, giines kaynaklarinin yetersiz oldugu kis aylarinda daha fazla gii¢ ekleyebilir.
Ikisi bir arada, KZD-2’ye ek bir buhar akis1 saglayarak Orta Basing Tiirbini’ni (IPT)
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tam kapasiteye geri getirebilir. Son olarak, biyokiitle, saatlik dalgalanmalar1 karsila-
yabilecek degisken yanma oranlari ile hazir bir enerji kaynagi olarak kullanilabilir.
Bu sekilde, santralin esnekligi ve iletim kabiliyeti artirilir. Sonuclar, giinesli ve acik
hava kosullarinda, 20 MW, den fazla ek gii¢ elde edilebilecegini gostermistir. So-
nucta biyokiitle yakit tiikketim orani, mevsime ve mevcut giines kaynaklarina bagl
olarak 4.2 - 5.8 kg/s arasinda degismektedir. Son olarak, yapilan bir teknik-ekonomik
analiz, YEKDEM satin alma anlagmasi ile 5 yi1l ve spot piyasa fiyatlari ile 9 yil geri
ddeme siiresiyle 81.19 $/MWh’lik bir LCOE ortaya koymus ve bu degerler yenilene-

bilir enerji teknolojileri arasinda rekabet¢i bulunmustur.

Anahtar Kelimeler: hibridizasyon, jeotermal, Odaklanmis Giines Enerjisi (CST) , bi-
yokiitle
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CHAPTER 1

INTRODUCTION

The effects of global warming have been felt more in recent years [1]. These include
droughts, increases in sea levels, stronger hurricanes, longer wild res, and more [1].
With the Paris Agreement, countries around the globe have united to limit global
warming by "holding the increase in the global average temperature to well below
2°C above pre-industrial levels and pursue efforts to limit the temperature increase
to 1.5°C above pre-industrial levels.” [2]. The major element causing global warm-
ing is the energy sector, which accounts for approximately 75% of greenhouse gas
emissions [3, 4] as also can be seen in Fig. 1.1. This is where RE sources, such
as solar, wind, geothermal, biomass, and more, become important in tackling global
warming by reducing Greenhouse Gas (GHG) emissions [4]. By the help of these RE
resources, the world can decarbonize the energy sector and try to achieve the goals
of the Paris Agreement by "limiting the temperature increase to 2°C, or even better
1.5°C, above pre-industrial levels." [2].

1.1 Motivation and Problem De nition

This work is part of METU's contributions to the European Union's Horizon 2020
Project, GeoSmart (Grant Agreement No: 818576). As part of this project, the ways
to increase the Geothermal Power Plants' (GPPs) exibility and dispatchability are
analyzed. GPPs are a signi cant Renewable Energy (RE) resource when it comes
to baseload power production, yet they lack the exibility of conventional fossil fuel
power plants [5]. For instance, within this project, using a groundwater well and adi-

abatic cooling system with low-enthalpy binary GPPs or utilization of silica retention

1



Figure 1.1: The global GHG emissions by sector for year 2016 [3].

tanks to collect precipitating silica and using geothermal storage systems for medium-
enthalpy GPPs are investigated. Vulcan Energy's Insheim GPP in Landau, Germany,
is used as the demonstration site for the low-enthalpy eld, whereas Zorlu Energy's
K z Idere-2 (KZD-2) GPP in Denizli, Turkiye is used for the medium-enthalpy eld.

Moreover, the hybridization of geothermal energy with other RE resources, especially
with Concentrated Solar Thermal (CST) and biomass, is also examined as such a
scenario can potentially increase the exibility and dispatchability of GPPs. This
advantage is also mentioned in the original call text, LC-SC3-RES-12-2018. It is
stated in this call that the addition of biomass and solar thermal to geothermal can also

be investigated, and this shows the importance given to this subject by the European

2



Commission. This call text and the resulting successful proposal are seeds for the
motivation for this study being to hybridize the KZD-2 GPP with CST and biomass

to increase exibility and dispathcability.

Geothermal energy is a commonly available RE source in Turkiye, such that Turkiye
ranks fourth worldwide and rst in Europe for power production from geothermal
energy [6] as can be seen in Fig. 1.2. As stated before, geothermal energy can offer
baseload power output, meaning the power output from the GPPs is almost constant
throughout the day and more predictable than other variable RE resources such as
wind and solar [7]. The other advantages of GPPs over other RE resources include

the high Capacity Factor (CF), less land area requirement, etc. [7].

Figure 1.2: Top installed geothermal power capacities of countries by January 2023

[6].

However, GPPs also have some common issues related to them. The two main such
problems are the energetic quality of the geothermal brine degrading over the years
[8] and the degraded performance of GPPs during hot ambient temperature times

[9]. The former issue can be caused by reinjecting the geothermal brine at lower
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temperatures, mass ow rates, pressures, or, in general, at lower enthalpies. Even
if precautions are taken against these while operating the GPPs, the adverse effects
can still be faced. These effects show themselves as the quality, or the enthalpy,
of the geothermal brine underground getting weaker with the years. This decrease
in enthalpy shows itself in the geothermal brine as temperature, pressure, or, more
importantly, the mass ow rate decreases [8]. Furthermore, with this decrease in
the mass ow rate of the geothermal brine, the turbines in the power block are not
operated at their capacity, hence there existexaess turbine capacity GPPs after
operating for some years due to lack of steam mass ow. In Fig. 1.3, this effect can be
seen more clearly. Budisulistyo et al. examined a GPP in New Zealand and showed
how the geothermal resource's temperature and mass ow rate declines over time.
Although this gure shows data for a speci ¢ GPP, it also illustrates a similar trend

for all GPPs worldwide due to an intrinsic problem of this technology.

Figure 1.3: The decline in geothermal brine temperature and mass ow rate over the

operating years [8].

The latter issue, or the declining performance of GPPs during hot ambient tempera-
ture times, can be explained by the decreasing performance of cooling towers during
these times [9]. Both the air-cooled and water-cooled cooling towers' performances
decline with increasing temperatures, which results in the working uid not getting

cooled down to the design point, hence a decrease in power block performance. Fig.
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1.4 displays this the best by showing the decline in GPP power as the dry-bulb and
wet-bulb temperatures increase for air-cooling and water-cooling modes, respectively.
Moreover, since the high ambient temperature periods usually occur during summer,

one can say that GPPs' performance declines during the summer months.

Figure 1.4: The decline in geothermal power output and cooling tower performances

during high temperatures (where gw is geothermal water) [9].

So far, three problems of GPPs have been de ned: lack of exibility and dispatch-
ability, performance decline over the years resultingiaess turbine capacitand
performance decline during summer months. The primary motivation of this thesis is
to address these issues for the KZD-2 GPP by hybridizing it with CST and biomass
technologies. The KZD-2 GPP, shown in Fig. 1.5, is a triple ash & hybrid geother-
mal power plant in Denizli, Turkiye, owned and operated by Zorlu Energy generating
80 MW, at its design point [10]. However, suffering from the abovementioned issues,
the GPP is producing 55 M\Wnstead of 80 MW [10], so that it can be assumed that
each turbine has around 318%cess turbine capacitgsulting from decreased work-

ing uid mass ow rate.



Figure 1.5: KZD-2 GPP, Denizli, Turkiye [11].

The reason for choosing CST and biomass for hybridization in this case study can
be explained in two steps. Firstly, these three technologies are all thermal processes,
meaning that they can help each other during operation and create a more ef cient
production with hybridization [12]. Secondly, these three RE resources are co-located
in Denizli, Turkiye. Fig. 1.6a and 1.6b show the solar and geothermal resources
available in the region, respectively. The local annual solar energy Direct Normal
Insolation (DNI) value is around 1800 kWh#f1.3], which is the minimum threshold

for building a CST power plant in Turkiye [14]. Moreover, the Aegean region has
promising geothermal resources, where Denizli is located, and the brine temperatures
can reach up to 170 - 180 °C at the wellhead [15] which can be a viable geothermal
resource [10]. Furthermore, the biomass resource used in this study is Olive Residue
(OR). As can be seen from Fig. 1.6c¢, the area surrounding KZD-2, which is located at
the Denizli-Ayd n border, is among the best oil-yielding regions in Turkiye for olive

oil production. In addition, OR has high calori c values, around 20 MJ/kg [16]. Thus,
OR is abundant in the area and can be used as a biomass source as it has high calori ¢

values.
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