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ABSTRACT

HYBRIDIZATION OF SINGLE FLASH GEOTHERMAL POWER PLANT
WITH BIOMASS DRIVEN SCO2 TOPPING CYCLE

Mutlu, Balkan
M.S., Department of Mechanical Engineering

Supervisor: Assist. Prof. Dr. Feyza Kazan¢ Ozering
Co-Supervisor: Prof. Dr. Derek Keith Baker

September 2020, [I08] pages

This study investigates the hybridization scenario of Kizildere-1 single flash geother-
mal power plant with a biomass driven recompression sCO2 topping cycle where a
solid local biomass source, olive residue, is used as a fuel. The combustion charac-
teristics, kinetic parameters and slagging-fouling potential of the fuel are determined
using TGA, Coats-Redfern Method and XRF analysis, respectively. The apparent ac-
tivation energies for two observed major stages of combustion under the heating rate
of 20 °C/min are calculated as 32.6 and 17 kJ/mol, respectively. The hybrid power
plant is modeled using the simulation software EBSILON Professional. Supercritical
CO2 (sCO2) cycle is specifically chosen due to having more compact footprint com-
pared to steam cycles and the potential to be ramped up and down more rapidly, thus
enabling flexible operation. A synergy between the topping and bottoming cycle is
achieved by a good temperature match between the coupling heat exchanger where
the waste heat from the topping cycle is utilized in the bottoming cycle. The high
temperature heat addition problem to the sCO2 cycle is also eliminated utilizing the

whole heat in the flue gas in the bottoming cycle. Hybrid cycle thermal efficiency and



biomass-to-electricity conversion of 24.5% and 22% are achieved, respectively. The
net power output of the hybrid power plant is increased to 17.8 MWe while the net
production of the topping cycle is kept at 3.2 MWe. Corresponding fuel consumption
for the hybrid plant is found as 2.2 kg/s.

Keywords: hybridization, geothermal, biomass, sSCO2 cycle
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0z

TEK BASINC KADEMELI JEOTERMAL ENERJI SANTRALININ
BiYOKUTLE KAYNAKLI SCO2 CEVRIMI ILE HIBRIDIZASYONU

Mutlu, Balkan
Yiiksek Lisans, Makina Miihendisligi Boliimii

Tez Yoneticisi: Dr. Ogr. Uyesi. Feyza Kazang Ozering
Ortak Tez Yoneticisi: Prof. Dr. Derek Keith Baker

Eyliil 2020 , [I0§]sayfa

Bu calisma, kati bir biyokiitle kaynagi olan zeytin prinasinin yakit olarak kullanildig,
biyokiitle ile giic saglanan sCO2 ¢evrimi ile Kizildere-1 tek basing kademeli jeoter-
mal enerji santralinin hibridizasyonunu konu almaktadir. Yakitin yanma ozellikleri,
kinetik parametreleri ve cliruflasma potansiyeli; sirastyla TGA, Coats-Redfern Me-
todu ve XRF analizi kullanilarak belirlenmistir. 20 © C / dk 1sitma hiz1 altindaki TGA
analizinde gozlenen iki ana yanma asamast i¢in aktivasyon enerjileri sirasiyla 32.6 ve
17 kJ / mol olarak hesaplanmistir. Hibrit enerji santrali EBSILON Professional simii-
lasyon yazilimi kullanilarak modellenmistir. Stiperkritik CO2 (sCO2) dongiisii, buhar
dongiilerine kiyasla daha kompakt olmasi ve inisli ¢cikigh giic tiretimini desteklemesi
nedeniyle hibrit santralin esnekligini artirmasi yiiziinden tercih edilmistir. sCO2 ve
rankin ¢evrimleri arasindaki sinerji, SCO2 ¢evrimindeki atik 1sinin rankin ¢evrimine
aktarildig 1s1 esanjoriide elde edilen sicaklik uyumu ile saglanmigtir. sSCO2 cevri-
mine yiiksek sicaklikta 1s1 transferi sorunu, baca gazindaki 1sinin rankin ¢evrimine

aktarilmas1 sayesinde giderilmistir. Hibrit ¢cevrimin termal verimliligi ve biyokiitle-
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nin elektrige doniisiim verimleri sirasiyla 24.5% ve 22% olarak bulunmustur. Hibrit
santralin net gii¢ tiretimi 17.8 MWe’ye cikarilirken, sCO2 ¢evriminin net iiretimi 3.2
MWe olarak bulunmustur. Hibrit santralin azami yakat tiikketimi 2,2 kg / s olarak he-

saplanmustir.

Anahtar Kelimeler: hibridizasyon, jeotermal, biyokiitle, sCO2 ¢evrimi
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CHAPTER 1

INTRODUCTION

As of 2019, Turkey has 1,347 MWe installed capacity in geothermal, the fourth largest
in the world after the United States, Indonesia and the Philippines [1]], and targets
2,000 MWe geothermal power generation capacity by the end of 2020 [2]]. Most of
Turkey’s high temperature geothermal resources are located in Southwest Anatolia as

shown in Figure 1.1 [3]].

& Tespit G eaterreal Kapnak Alsnlan [375)
Sicablk Daphms

ik ks

Figure 1.1: Geothermal Resource Map of Turkey as adapted from MTA[3]].

Western Anatolia is also a well known region with its olive production. Accord-
ing to Food and Agriculture Organization of the United Nations (FAO) Databank for
year the 2018 [4], Turkey is world’s 4th biggest olive producer ranked behind Spain,
Italy and Morocco where the most of the country’s olive yield lies in the Western
Anatolia region. Specifically, table olive production is concentrated in Northwest

Anatolia while olive oil production is more common in Southwest Anatolia as it can
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be seen from Figure 1.2 [S)]. The advantageous part of the olive oil production from
the biomass perspective is that it creates huge supply for a type of solid biomass
fuel called as “olive residue”. Olive residue (OR) is a solid by-product of olive oil

production with calorific value around 20 MJ/kg (~4800 kcal/kg).

oy B
X

Table olive producing provinces Olive oil producing provinces

Figure 1.2: The distribution of provinces on their production of table olive and olive

oil. The maps are adapted from the country report of International Olive Council[3]].

1.1 Motivation and Problem Definition

METU is partner of European Union Horizon 2020 Project GeoSmart (Grant agree-
ment: 818576). Through the original H2020 Call: LC-SC3-RES-12-2018, the Eu-
ropean Commission (EC) asked if geothermal can be hybridized with biomass to
increase flexibility, and in part funded GeoSmart to explore answers to this question.
Although the main aim of project GeoSmart is meeting the different flexibility needs
of operating geothermal power plants with low enthalpy and high enthalpy sources
at demonstration level, the evaluation of future scenarios, including the synergistic
effects of geothermal with other renewable energy resources, is one of the objec-
tives of GeoSmart to offer an insight on hybrid power plant opportunities and make
informed future energy investment decisions. In accordance with this purpose, this
thesis is aligned with METU’s contribution to GeoSmart, and explores the potential of
hybridizing the existing Kizildere-1 (KZD-1) single flash geothermal electric power
plant (GEPP) with biomass driven supercritical C'O, (sCO2) cycle. Note that KZD-1

GEPP is owned and operated by Zorlu Energy, which is also a partner in GeoSmart.

KZD-1 GEPP is located right on the Denizli-Aydin border of Turkey. In this spe-

cific region, there is coexistance of two renewable energy resources, geothermal and

2



biomass as highlighted by Figure 1.1 and 1.2. This coexistance is even noticeable

from the original photo of KZD-1 GEPP with a view from the Denizli-Aydin high-

way in Figure 1.3. Note that the pale short trees are olive trees.

Figure 1.3: The view of KZD-1 GEPP from Denizli-Aydin highway. The olive trees

are short, shrub-like trees in pale forest green shade.

1.2 Contributions and Novelties

No existing studies are found in the open literature on hybridization of geothermal
with biomass driven topping cycle. This research aims to contribute to GeoSmart
outcomes by filling this gap while meeting the high flexibility needs of the power
plant with the use of a topping sCO2 cycle. Using sCO2 cycle as a topping cycle
supports flexible operation owing to smaller footprint and compact turbomachinery

of sCO2 cycles.

There are two main parts and contributions in this thesis. In biomass part (Chap-
ter 3 and 4) well established methods are applied to a local biomass sample, olive
residue. It is believed that the main value on these chapters lies in the professional
development gained by the authoring student. On the other hand, the main novelty
and contributions in this thesis are put forward in the hybridization part (Chapter 5

and 6).
In order to exploit the potential of coexistance of the two renewable energy resources,

3



OR samples collected from an olive oil factory nearby KZD-1 site. The characteriza-
tion of the collected OR samples are done using preliminary experimental methods.
The calorific value and the ultimate analysis of the studied OR samples are integrated
to the hybrid power plant design. Recompression sCO2 cycle is used as a topping cy-
cle to hybridize the KZD-1 GEPP. Biomass sourced heat is used to power the topping
sCO?2 cycle and increase the steam mass flow rate feeding the KZD-1 turbine which

is normally operating at half capacity.

In the scope of this thesis, only the steady-state (nominal) case corresponding the
maximum power output of the hybrid plant is investigated. Based on the feasibility of
results for the steady state case, the future scenarios regarding the flexible operation

can be explored as a future work.

1.3 Potential Impacts

Although the socio-economic and socio-environmental impacts of the proposed hy-
bridization study are out of scope of this thesis, it is hoped that awareness for exploita-
tion of two specific local renewable energy sources (olive residue and geothermal) in
Southwest Anatolia can be increased with the introduction of more studies such as this
thesis. Despite the high geothermal potential especially in Biiyiikk Menderes Graben
is known for more than 40 years, Turkey’s geothermal boom can be considered rel-
atively recent as country’s installed geothermal capacity jumped from 100 MWe in
2010 to over 1000 MWe by 2020 [3]. As a local from the region, the author of this
thesis would like to state that the public acceptance of geothermal in the region is very
low. Similarly, the olive residue is not utilized in electricity generation in any form,
rather used as a solid fuel for domestic heating purposes in the region. Therefore,
combining two specific types of renewable energy resource with a next-generation
power cycle is believed to form an initial block for regional development in sustain-

able, economically feasible and environmentally friendly manner.



CHAPTER 2

LITERATURE REVIEW

This chapter consists of three main sections. In Section 2.1, an overview on utilization
of biomass in power generation is introduced where biomass combustion and charac-
terization methods from the literature are also included. In Section 2.2, fundamentals
of sCO2 Brayton cycles and their types are explained. In Section 2.3 the selected
state-of-the-art studies on sCO2 cycles and hybridization of geothermal power plants

are investigated.

2.1 Utilization of Biomass

2.1.1 Biomass Energy Conversion Technologies for Power Production

The energy conversion technologies from biomass resources can be classified under

two general categories: 1) biological; and 2) thermochemical.

In biological technologies, biomass is converted into biogas, which is mainly com-
posed of C'H, and C'O,, through four steps: 1) hydrolysis; 2) acidogenesis; 3) ace-
togenesis; and 4) methanogenesis [6]. Overall, these processes are referred to as
anaerobic digestion and it is a widely used technology especially to produce biogas
from the municipal solidwaste (MSW) collected mainly from households and mu-
nicipal districts. The product, biogas, can be utilized in various power generation

applications.

Thermochemical technologies, on the other hand, can be divided into two main cate-

gories; 1) gasification; and 2) combustion.



In gasification, the biomass feedstock is allowed to have incomplete combustion with
presence of gasifying agents such as air, oxygen or steam so that the output gas,
i.e. termed as syngas, has still combustion potential. The series of processes for
gasification are: 1) drying; 2) pyrolysis; 3) oxidation; and 4) reduction. The produced
syngas after gasification can be utilized in reciprocating engines, gas turbines or fuel

cells [[7]].

In the case of combustion technologies, the biomass is allowed to burn with more
than a stoichiometric amount of air in an exothermic chemical reaction, generally in
a boiler where the products are C'O, and H,O along with the by-products such as
ash, soot, NO,, SO,. The generated heat then can be used to drive a power block to
generate electricity. Since the solid particle combustion characteristics of biomass is
one of the primary focus of this thesis, the combustion processes is discussed in more

detail within this section.

A summary of the biomass energy conversion technologies is presented in Figure 2.1.
It should be noted that the employed processes to utilize the potential of biomass
are mutually exclusive. For example, biochar, which is obtained through pyrolysis,
can be used as an additive to an anaerobic digester to increase the biogas production
efficiency [8]], or the digestate, that is the by-product of anaerobic digestion, can be

used as a feedstock for pyrolysis [9].

I e—

( )
Anaerobic Digestion

|| Biomass+ Microorganisms - CH, + CO,

\_ Biogas )

~N
( Gasification

Biomass + Limited Oxygen > €O+ H,+ CO,+ CH,

e —_
Syngas

\ yne y,

Combustion
Biomass + Excess Oxygen - H,0+ CO, + Heat

\. J

Figure 2.1: Biomass energy conversion technologies. Note that anaerobic digestion
is a biological process whereas gasification and combustion are thermochemical pro-

CESSES.



2.1.2 Biomass Combustion

Biomass combustion, where it is considered as solid particle combustion within the
context of this thesis, can be defined as the exothermic reaction between biomass and
oxygen where mainly oxygen and water is formed at the end of the process. The

following reactions broadly summarize this complex phenomenon [10]].

Biomass particle (raw) — Char + Volatiles + HyO (2.1)
Volatiles + Oy — CO + H,0O + SO, + NO 2.2)
1
1 2 2
Char + _02 — (2— —) CcO + (— - 1)002 (24)
¢ ¢ ¢
Char + COy — CO + CO (2.5)

Generally, the combustion of solid particles follows four distinctive steps: 1) dry-
ing; 2) devolatilization; 3) volatile combustion; and 4) char combustion. When the
solid particle is first heated, it undergoes a drying stage where the desorption of gases
(mainly water vapor) from the pores of the particle occurs. Then, it begins to de-
compose into char and volatile matter (Reaction Equation 2.1). As the volatiles are
released from the particle, they interact with oxygen to form C'O quickly, and after
that CO, (Reaction Equations 2.2-2.3). These devolatilization and volatile combus-
tion steps occur simultaneously and are very susceptible to conditions like the volatile
content of the particle, size of the particle, environmental conditions, and heating rate

[L1]. After these steps, the remaining formation, which possesses the fixed carbon
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content of the fuel, is called as char and starts to burn relatively slow compared to
volatiles (Reaction Equations 2.4-2.6). It is important to have insight into how the
steps regarding the volatiles develop because it forms a basis on char formation. Ulti-
mately, the combustion duration of remaining char particles determines the size of the
combustion chamber. It means the boiler design for a power plant at the macro level
will depend on the char combustion kinetic parameters at the micro level. Finally, at
the end of the char burning process, the remaining formation is called ash and it is
mostly comprised of solid inorganic matter. These steps are also shown in Figure 2.2

as adapted from the work of Mando et. al. [12].
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Figure 2.2: Steps of solid fuel combustion as adapted from Mando et. al. [12].

2.1.3 Thermogravimetric Analysis for Biomass Characterization

Thermogravimetric analysis (TGA) is an experimental method where the mass of the
sample is monitored as a function of time and temperature with adjustable conditions
such as heating rate, pressure, and gas composition. Due to its practicability and
being an inexpensive instrument, it is a very common experimental device to conduct
especially preliminary research on characteristics of fuel combustion. Even though
the heating rates are relatively low compared to actual heating rates at the industrial
boilers, the information obtained through TGA can be used for an initial evaluation of
the combustion performance at the industrial scale and can easily be compared with

other studies due to its high availability and repeatability [[13] .

The basic equipment for a TGA device is a precision balance and a furnace that can be

programmed for a linear increase on temperature with time. The direct results from



TGA can be presented as:
1) weight vs temperature (or time) curve, referred as Thermogravimetric (TG) curve

2) rate of loss of weight vs temperature (or time) curve, referred as Differential Ther-

mogravimetric (DTG) curve

where the units are generally weight percent (wt %) vs degrees Celsius, and percent

change in weight per minute (%/min) vs degrees Celsius, respectively.

TG curve is simply a curve starting from 100 wt% and decreases down to 0 wt%
with changing temperature (or time), while DTG curve is the derivative of TG curve.
Presenting DTG curve along with TG curve can provide information about some
features which cannot be easily interpreted only by TG curve such as spontaneous
weight losses, which indicate burning of combustibles, or a shoulder before the peak

which most likely represents adsorption of volatiles on the new solid phase [14].

Even without performing any kinetic modelling, these graphs are very useful to sup-
ply data on the characteristic temperatures of the fuel. These characteristic tempera-
tures can be listed as: 1) peak temperature (7»); 2) decomposition temperature (1p);
3) burnout temperature (7z); and 4) ignition temperature (7;,). There is a widely
used graphical method, i.e., method of characteristic temperatures, to determine these
temperatures in the literature [[15,116,(17,/18]. They can be derived from TG and DTG
curves as follows. First, TG and DTG curves must be ash-free basis, i.e., the TG curve
should be normalized such that zero weight percent is reached at the end of the pro-
cess, and DTG curve can be adjusted accordingly. Peak temperature (7’p) is defined
as the temperature corresponding the maximum weight loss rate, and it can be found
from the absolute minima of the DTG curve. Decomposition temperature (7)) is de-
fined as the temperature corresponding to percent weight loss rate of 1%/min after the
moisture release process. Similarly, the burnout temperature (7'z) is also defined as
the temperature corresponding to same rate at 1%/min at the end of the char burnout
stage. Then, in order to find ignition temperature (7;,), a tangent from the point on
the TG curve corresponding the peak temperature is drawn. Another tangent from
the point referring the end of the moisture release process on the TG curve is drawn,

as well. The intersection of these two tangents corresponds the ignition temperature



of the fuel, and the interval between T)» and T;, is named as decomposition stage.
Similarly, the interval between T;, and T} is referred as combustion stage. These

characteristic temperatures are depicted in Figure 2.3.
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Figure 2.3: Illustration of characteristic temperatures.

It should be noted that, both TG and DTG are highly dependent on procedural de-
tails, e.g. sample weight, heating rate, crucible geometry, and condition whether the
atmosphere is involved in reaction or not. For example, an inflection point appearing
at a TG curve might change into a plateau (meaning no change in weight with respect
to increasing temperature) for the same sample when the TGA is conducted with a
slower heating rate. Thus, it can be concluded that TG/DTG curves are not unique

even for the same sample.

2.1.4 Combustion Kinetics

Determining the reaction rates of the fuel in different combustion stages, mainly de-
volatilization and char combustion, is important to simulate what would happen in
an industrial boiler. For this purpose, kinetic studies are conducted using TGA with

isothermal and/or non-isothermal conditions. Within the scope of this thesis, only the
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kinetics studies using non-isothermal TGA are investigated.

Kinetic analysis of solid biomass combustion is generally based on the rate equation

[19]:

do

— =k(T) f(a) (2.1)
dt

where « is the conversion ratio, da/dt is the conversion rate, k is the reaction rate, T’

is the temperature, and f(«) is the reaction model.

The temperature dependence of the reaction rate, k(7°), is usually represented by the

first order Arrhenius equation:

k(T) = A e Ee/BT (2.2)

where A (min~!) is the pre-exponential factor and related to molecular collisions, E,
(J mol™1) is the activation energy and interpreted as the minimum required energy to
start the chemical reaction, R (J K ! mol~") is the universal gas constant, and 7" (K)

is the temperature.

There are several methods to determine the kinetic parameters, A and E,, by using
the results of TGA and Drop Tube Furnace (DTF) experiments. Similar to TGA,
DTF is also an experimental method to study combustion and ignition characteristics
of solid fuels where the heating rates are considerably higher (up to 10° °C/s), and
therefore provides similar combustion conditions as the industrial boilers. However,
since the study within this thesis constitutes a preliminary research about biomass
characterization, kinetic studies using only non-isothermal TGA methods are going

to be discussed.

Methods to determine kinetic parameters using TGA can be classified under two main

catagories: 1) model fitting methods; and 2) model free methods.

In model fitting methods, different reaction models are fit to portion of the TGA data
that is being investigated, and the model having the best fit is selected to later deter-

mine the kinetic parameters A and F,. In model free methods, there is no need to
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define a reaction model beforehand to estimate the kinetic parameters. The conver-
sation rate in Equation 2.1 is assumed to be constant, and thus the reaction rate only
depends on the reaction temperature. These methods are simply postponing the need
for an appropiate reaction model until an estimate of the kinetic parameters A and
E, is calculated [20]. Although more accurate estimations are possible with model
free methods, several TGA experiments with different heat rates are required to be
conducted. On the other hand, even a single experiment with a specific heat rate is

enough to use a model fitting method, which is also the case within this thesis.

The first effort to use TGA data for kinetic parameters appears to be made by van
Krevelen et. al. [21]]. Introducing a graphical method to obtain the order of the reac-
tion, they derived an approximate equation to show that the primary decomposition
of their coal sample is first order. Historically, model free methods such as Kissinger
[22]], Flynn—Wall-Ozawa (FWO) [23] 24], Vyazovkin [25], Tang [26]; and model
fitting methods such as Coats Redfern [14], Kennedy and Clark [27] are introduced
concurrently. Among these methods, the most commonly used one in the kinetic
analysis of thermal decomposition of coal and biomass is Coats and Redfern Method

(CRM) which is also used in this thesis.

It is difficult to separate the kinetic studies on coal and biomass, in fact, in many cases
they are studied together, either in a comparative manner [28, 29, 130] or their blends

are being investigated [31, 32, 133]].

Liu et. al. [32] studied kinetic parameters and combustion reaction mechanism of
two types of biomass, namely beetroot and switchgrass, and their blends with bitumi-
nous coal using non-isothermal TGA. They combined model fitting and model free
methods, i.e. CRM and FWO and tested the accuracy of it. It is found out that there
is considerable difference in terms of kinetic parameters between biomass and coal,
and therefore blending ratios have large impact on the apparent activation energies of
the samples. They observed 3-4 peaks for studied biomass and blended biomass-coal
samples, and the calculated activation energies of these samples for so-called pre-
peak and post-peak regions of TG curves range from 100 to 239 kJ/mol, and from 44
to 133 kJ/mol, respectively.

Lopez-Gonzalez [34] analyzed different biomass samples such as black spruce, wil-
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low, common reed, reed canary grass, and switchgrass using TGA and compared their
combustion behaviours with defining a term, i.e. combustion characteristic factor
(CCF), which can be used as an indicator for their burning profiles. The combustion
process was divided into two main stages, namely devolatilization and char oxidation,
and it is found out that willow and reed canary grass demonstrate best performance,
with activation energies ranging from 91 to 112 kJ/mol and 81 to 98 kJ/mol for the

respective samples at different stages of combustion.

Magalgaes et. al. [28] investigated the combustion behaviours of two lignites from
Tuncbilek and Soma regions, and one olive residue from Balikesir region. In addition
to combustion kinetic parameters that are defined using CRM at different heating
rates, a performance indicator named combustibility index is introduced to perform
comparison between the fuels. The major findings regarding especially the OR are:
1) The burnout temperature of OR is always lower than that of lignites, and shifts to
higher temperatures with increasing heating rate. 2) Combustibility index of OR is
at least fivefold those of lignites, where the activation energy of OR is around 40-45
kJ/mol for the major stage of combustion at different heating rates. 3) The major stage
of combustion for OR is controlled kinetically by a first order mechanism. 4) There
observed a secondary combustion stage uniquely for OR, where the combustion is
reported to be diffusionally controlled. For this stage, the apparent activation energy

is around 10 kJ/mol, regardless of the heating rate.

There are studies on combustion characteristics of a broad range of biomass samples.
Alvarez et. al. [35] provided a wide database for 28 biomass samples, including
olive stone, extracted olive pomace and olive tree pruning, where kinetic parameters
are determined using both model free (FWO and Kissinger) and model fitting (CRM)
methods. It is suggested that employed model free methods (FWO and Kissinger)
are not suitable to determine the kinetic parameters of biomass combustion since the
assumptions for these methods are not accomplished in the full range of the combus-
tion process. Kok and Ozgur [36] conducted a study on 3 biomass species, namely
miscanthus, poplar wood, and rice husk in a similar manner but using model free
methods only. In both studies, experiments are performed with different heat rates
of 5, 10, 15 and 20 °C/min and the combustion was divided into two stages and ki-

netic parameters supplied accordingly. The apparent activation energies for extracted
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olive pomace are reported as 32 and 146 kJ/mol at respective stage of combustion at
[35]. More specifically on olive oil production chain residues, Buratti et. al. [37]
studied olive tree prunning, two phase OP, three phase OP and their mixtures under
combustion condition using non-isothermal TGA. The combustion stage is defined
under two stages, namely devolatilization and char combustion as previous studies,
and these stages are attributed to the decomposition of hemicellulose-cellulose and
lignin, respectively. Model free methods, i.e. FWO and Vyazovkin, are employed
to determine the kinetic parameters, however, the apparent activation energies were
calculated globally as aggregated values, not for the single combustion stages. There-
fore found average values for pure samples and their blends lies in the range of 80-90

kJ/mol.
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2.2 sCO2 Power Cycles

The history of supercritical carbon dioxide (sCO2) power cycles goes back to late six-
ties where their promising thermodynamic performances are theoretically introduced
[38]]. However, the initial interest to sSCO2 cycles is diminished as the gas turbines be-
came increasingly popular. Recently, there has been a global interest in sSCO2 power
cycles considering the number of published scientific articles in the last decade since
the unique properties of C'O, offer intrinsic benefits over steam as a working fluid in
closed loop power cycles. Some of the advantages of sCO2 cycles can be listed as
[139]:

reduced footprint and size due to C'O, being denser than steam

better capex utilization due to compact turbomachinery

flexible operation capability since it can be ramped up and down more rapidly

better response to transient load

In addition to these advantages, sCO2 cycles can offer equivalent or even better ther-
modynamical efficiencies compared to their steam Rankine counterparts. A rough
but informative map for area of application of sCO2 cycles is provided in Figure 2.4
as adapted from a report of STEP DEMO Project [39]. The improvement in the ef-
ficiency particularly becomes more apparent at higher heat source temperatures, thus
sCO2 cycles are mostly popular in CSP area. However, superior first law efficiencies
compared to steam Rankine cycles are also proven both experimentally and numeri-
cally for lower temperatures, e.g. 527 °C [40, 41]. Thus, sCO2 cycles can be con-
sidered as an option for biomass combustion applications, especially when flexible

operation is desired.

To date, there has not been full-scale commercial demonstration for sCO2 cycles
as the existing studies are limited to laboratory-scale test setupts under 1 MWe [42,
43, 144]]. A $119 million USD project named STEP DEMO, lead by GTI, GE, US
Department of Energy, National Energy Technology Laboratory is one of the leading
projects in this area, and aims to demonstrate a pilot power plant test facility of 10

MWe in TX, US by 2022 by increasing the TRL from 3 to 7[39].
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Figure 2.4: sCO2 Application Map [39]. Note: sCO2 — Supercritical COy; ORC —
Organic Rankine Cycle; WHR — Waste Heat Recovery.

Although sCO2 cycles refer to cycles using C'O at fully supercritical state, it is worth
to mention that the difference between transcritical and supercritical C'Os cycles is
not very significant as the naming depends on how the heat rejection is performed,
i.e. by cooler for supercritical and condenser for transcritical CO, (tCO2). Similarly,
the prefix Rankine or Brayton depends on the type of heat rejection from the cycle,
i.e. cooler for Brayton and condenser for Rankine. The particular compression de-
vice also depends on the cycle, i.e. compressor for fully supercritical, and pump for

transcritical C'Os cycles.

Most of the sCO2 cycles that are being studied by the researchers today are derived
from the initial works of Angelino and Feher from the late 60s [43] 46]. Several tran-
scritical configurations are introduced by Angelino with the main argument that the

expansion of carbon dioxide at its supercritical conditions can reach the same or even
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higher efficiencies than steam turbines while keeping the simplicity of closed loop
gas turbines. In this context, Angelino proposed condensing transcritical cycles with
recuperation layouts aiming to reduce the irreversibilities occuring at the recupera-
tors. These layouts are considered as the forerunners of the modern Recompression
(RC) cycle [38]. The shortcoming of this cycle is that turbine exhaust pressure is im-
posed by condenser pressure (or vice versa). In order to make these two parameters
independent from each other, Angelino proposed another configuration by using addi-
tional compressor, and this layout eventually evolves into the modern Partial cooling
(PC) cycle. Similarly to Angelino, Feher studied the alternative configurations of
C'O4 cycles but in purely supercritical conditions. Both authors claim that supercriti-
cal carbon dioxide cycles offer potentially higher efficiencies with respect to Rankine

cycles at temperatures higher than 600 °C while retaining much smaller footprint.

2.2.1 sCO2 Cycle Configurations

The types of sCO2 cycles great varies in the literature. More than 40 novel config-
uration for standalone sCO2 cycles are reported in a comprehensive review study by
Crespi et. al [38]. The maximum temperature and the thermal efficiency for the re-
ported configurations range from 72 to 1300 °C, and 6.4 to 63 %, respectively, as
sCO2 cycles are used in a wide range of applications from WHR to oxy-combustion.
Among these configurations, three sCO2 cycles are selected as candidates for hy-
bridization with geothermal considering the simplicity, maturity, popularity (based
on the number of published articles), and their synergistic thermodynamic features
with geothermal. These three layouts are commonly named in the literature as sim-
ple recuperated, recompression and partial cooling sCO2 cycles and are explained in
more detail in this subsection. A broad overview of these cycles are provided in Table

2.1 as adapted from the review study of Crespi et. al. [38].

Table 2.1: Overview of the selected standalone sCO2 cycles [38]]. P (bar), T (°C).

Cycle Name Poin Thnin Pax Trnax Nen Number of reported studies
Simple Recuperated ~ 73.5 32 250 550 40.4% 34
Recompression 78 32 250 550 46.5% 47
Partial Cooling 50 32 250 550 46.1% 14
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2.2.1.1 Simple Recuperated sCO2 Cycle

Simple Recuperated sCO?2 cycle is a simple Brayton cycle utilizing C'Os in fully su-
percritical state using single recuperator. The cycle is designed such that the compres-
sion work is minimized by allowing the compression to occur very close to critical
point of C'O,. This phenomenon is not only unique to simple recuperated sCO2 cycle
but also observed in all of the sCO2 cycles to exploit the thermophysical properties
of C'Os in supercritical region close to its critical point. Note that C'O, behaves as a
supercritical fluid above temperature of 31 °C and pressure of 73.8 bar. Ultimately,
comparatively high thermal efficiencies are achieved when the greatly reduced com-
pression work is combined with the recuperative nature of the cycle and the low pres-
sure ratio (<4) [38]. The layout of the simple recuperated sCO2 cycle is provided in
Figure 2.5.
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Figure 2.5: General layout and T-s diagram of the simple recuperated sCO2 cycle.
The layout is generated using the software EBSILON®Professional.
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In contrary to its name and layout, the simple recuperated sCO2 cycle is not com-
pletely straightforward as a Brayton cycle. The C'O as a fluid exhibits very unique
properties near its critical state. Properties of C'O; such as density, thermal con-
ductivity, and dynamic viscosity vary greatly in the vicinity of the critical point, but
specifically, the isobaric heat capacity (c,) presents substantial peak around the crit-
ical temperature and pressure as it is shown in Figure 2.6. Although the sharpness
of the peak is decreased by the increasing pressure, this non-linear behaviour causes
an intrinsic problem for sCO2 cycles, i.e. pinch point problem. Pinch point can be
defined as the minimum temperature difference between the hot and cold streams at
any location along the heat exchanger whose negative value implies non-physical so-
lution while its increasing positive value ensures more realistic heat exchange size.
Note that the hot side outlet of the recuperator in Figure 2.5 is to be cooled down
through the cooler to a state in the vicinity of the critical point so that the compres-
sion work is minimized to achieve superior thermal efficiencies. Therefore this spe-
cific heat exchanger (Cooler in Figure 2.5) is subject to "the pinch point problem".
Despite being less likely, the pinch point problem may also occur at the other heat
exchanger, namely recuperator, since the hot side outlet can be as low as 45 °C in
some applications [47]. Under no circumstances, the pinch point can be a negative
value. Therefore, the effectiveness of the heat exchanger should be adjusted to ensure
the local temperature difference between two streams is always positive, otherwise
the solution becomes superficial.
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Figure 2.6: Isobaric specific heat of C'Oy with varying temperature at different super-

critical pressures. The values are obtained using CoolProp add-in in MS Excel.
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2.2.1.2 Recompression sCO2 Cycle

Recompression (RC) sCO2 cycle is the evolved version of the works of Angelino,
and has clear connections with Feher’s work [45] 46, [38]]. Due to the additional
compressor that is located parallel to the main compressor, the cycle is named as
recompression cycle. After the low temperature recuperator, the flow is splitted into
two for the compression processes. Therefore, sometimes the cycle is also called as
part-flow cycle in the literature. Note that there are two recuperators in RC sCO2

cycle as it is shown in Figure 2.7, making it highly recuperative.

As it can be observed from Figure 2.7, the hot side outlet of the low temperature re-
cuperator is splitted into two streams. The first stream goes into the cooler where the
temperature is decreased to a value close to the critical temperature. The other stream
is not cooled but instead directly compressed in the recompressor. There are sev-
eral major advantages of this configuration. Firstly and most importantly, the famous
pinch point problem in the cooler can be overcome by adjusting the part-flow going
into the recompressor. Secondly, since the recuperation is divided into two stages, the
likelihood of pinch point problem at the recuperators is confined only to the low tem-
perature recuperator. Thirdly, the thermal duty of the cooler is decreased, meaning
that the footprint of the equipment is also reduced. Lastly, more than 5% increase in
the thermal efficiency is achieved at the same turbine inlet temperature compared to
simple recuperated cycle (Table 2.1) since better heat recovery from the turbine ex-
haust is possible with two recuperators. Overall, the RC cycle is the most extensively
researched cycle in the literature due to being relatively simple while retaining good

thermal efficiencies as presented in Table 2.1.
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Figure 2.7: General layout and T-s diagram of the Recompression sCO2 cycle. The
layout is generated using the software EBSILON®Professional.

21



2.2.1.3 Partial Cooling sCO2 Cycle

Partial Cooling (PC) sCO2 cycle is the modified version of the RC cycle where ad-
ditional compressor and cooler is placed before the main flow is splitted. Due to the
additional compressor and cooler, a degree of freedom is obtained for the compresser
inlet pressure which in turn makes the overall thermal efficiency of the cycle less de-
pendant on the optimum pressure ratio. Higher specific work compared to RC cycle
is achieved at the cost of more complexity [48]. The general layout of this cycle is

provided in Figure 2.8.

The strenghts and weaknesses of the analysed sCO2 cycles are provided in Table 2.2
as adapted from Crespi et. al [38]. Although the simple recuperated cycle is the most
simplest cycle and potentially will have earlier market entry compared to other cycles,
its potential for hybridization with other cycles is not favorable since it is highly
susceptible to the intrinsic problem of sCO2 cycles, i.e. pinch point problem. This
problem especially becomes prominent if the waste heat from a topping sCO2 cycle
(by means of the cooler) is desired to be used in a bottoming cycle. Considering its
maturity, relatively simpler complexity, and high thermal efficiency, RC sCO2 cycle

is chosen for hybridization with geothermal within this thesis.

Table 2.2: Strengts and weaknesses of the analyzed sCO2 cycles [38].

Cycle Name Strenghts Weaknesses
Simple Recuperated Simple layout Pinch point problem

Availability of experimental

pee Moderate thermal efficiency
facilities

Recompression High thermal efficiency Complex recuperator design
Pinch point problem resolved
Smaller cooler
Availability of experimental
facilities
Partial Cooling High thermal efficiency Complex layout
High specific work

Low sensitivity to PR
deviations
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Figure 2.8: General layout and T-s diagram of the Partial Cooling sCO2 cycle. The
layout is generated using the software EBSILON®Professional.
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2.3 Selected studies on sCO2 Cycles and Hybridization of Geothermal

The efforts that are put in this thesis to hybridize geoothermal with biomass origi-
nally stem from the study of Bonyadi et. al. [49]. To date, the study of Bonyadi et.
al. is the first and the only study in the literature that hybridizes geothermal electric
power plant (GEPP) by using a solar topping power cycle. It is worth to mention
the work of Bonyadi et. al. [49] since the idea of using a sSCO2 cycle to hybridize
geothermal in this thesis is inspired from it. In their study, Bonyadi et. al. added a
solar powered steam Rankine cycle to a hypothetical existing Organic Rankine cycle
(ORC) GEPP without requiring any modification for bottoming ORC. The solar top-
ping cycle is coupled to the ORC such that the waste heat from the topping cycle is
utilized in the ORC. Different operational scenarios are suggested with the intention
of preserving the health of the geothermal resource. This conservation is performed
in their study as more waste heat from the solar topping cycle is recovered during
day time when direct insolation is available, the energy harvest from the geothermal
brine to ORC is decreased, and replaced with more solar sourced heat. Hybridiza-
tion of geothermal with solar thermal in this manner is especially synergistic since
the thermal efficiencies of GEPPs are very susceptible to weather temperature, and
thus drops significantly during hot summer months when solar availability at highest.
Ultimately, their design has a solar efficiency of 12.2% and consumes up to 17% less
brine than an equivalent stand-alone geothermal plant. The general layout of their

hybrid power plant is supplied in Figure 2.8 by permission of the authors.

Another valuable study on hybridization of double flash type geothermal power plant
is done by McTigue et. al. [S0]. In their study, an existing double flash GEPP
operating in China Lake, California (where both good geothermal and solar resources
coexist) is retrofitted with solar thermal to increase the power generation. It is aimed
to increase the power output of a turbine operating at 75% of its rated output (22.5
MW) to 100% its rated output (30 MW) by integrating array of Parabolic Trough (PT)
collectors. In order to decide the optimum location for solar heat addition to double
flash geothermal power plant, parametric analysis on thermal efficiency is performed
for 4 different locations, namely before the re-injection of saturated liquid, after the

condenser, before the first flash tank-seperator, and after the first flash tank-seperator.
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Figure 2.9: Layout of the solar-geothermal hybrid power plant by Bonyadi et. al.[49]

The optimum location for heat addition is found as the point after the first flash tank-
seperator. Thermal energy storage by means of storage fluid DPO (eutectic mixture
of diphenyl oxide and biphenyl) is added to the hybrid configuration to increase the
flexibility. Levelized Cost of Electricity (LCoE) with 3 hours of thermal storage is
calculated as 0.08 $/kWhe, which is lower than equivalent conventional standalone
CSP and battery integrated PV systems. Addition of a topping cycle for such an
hybrid configuration is also suggested by the authors as potential future work with

the intention of achieving greater thermal efficiencies.

Unlike the hybrid geothermal-solar systems, the interest for hybrid geothermal-biomass
systems are limited in the literature. The state-of-the-art studies are limited to those
using biomass sourced heat to supplement the operating enthalpy of low tempera-
ture geothermal [51]], using biomass to compansate for the off-design conditions of

geothermal power plant (such as efficiency drop due to high weather temperature)
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[52]], and multigeneration biogas-geothermal systems [53]]. Similarly on the indus-
trial side, when the coexistance of geothermal and agricultural lands or forestries are
present, either biomass or geothermal is used to boost the performance of the other.
For instance, a dry steam geothermal power plant in Cordia, Italy having a rated out-
put of 20 MWe (but generating 13.8 MWe) is redesigned to accommodate a biomass
furnace in order to superheat the geothermal steam. An additional 5.4 MWe gain is
obtained from the biomass combustion. In another example from New Zealand, a
wood waste biomass power plant operating in close proximity to forest plantations is

supplemented by a geothermal preheat [54].

In addition to pinch-point problem, the sCO2 cycles have another intrinsic problem
regarding the heat addition to the cycle. It should be noted that even the most primitive
configuration for a sCO2 cycle is called as simple recuperated cycle. Due to their
highly recuperative characteristics, the external heat addition to sCO2 cycles is done
at high temperature interval as it can be observed from Figures 2.7 and 2.8. The heat
addition to these cycles can be observed between points 4 and 5 on T-s diagrams. In
order to overcome this limitation, the sCO2 cycles are often combined with bottoming
ORC cycles operating at low temperatures [S53, 156, 57, 58] or utilized in cascaded
manner as SCO2-sCO2 and sCO2-tCO2 cycles [39, 60, 61]. Alternatively for coal
powered sCO2 cycles, advanced boiler/heater designs are introduced to fully exploit
the heat available in the flue gas within the cycle at the cost of having more complex
layouts [62}163]].

Motivated for the problem of a biomass powered sCO2 cycle design, Manente and
Lazzaretto introduced an innovative cascaded sCO?2 cycle design using woody biomass
as a fuel [64]]. In their study, two different cascaded sCO2 cycles (Recompression
sCO2 - Simple Recuperated sCO2 and Simple Recuperated sCO2 - Simple Recu-
perated sCO2) are investigated along with four different boiler arrangements, which
are counter-current radiant-convective boiler, co-current radiant-convective boiler,
counter-current convective boiler, and co-current convective boiler. It should be noted
that in contrast to their names suggest, these heat addition units are not literally boil-
ers as C'O, is in fully supercritical state, and thus not changing phase. Among the
analyzed configurations, Recompression sCO2 - Simple Recuperated sCO2 cascaded

cycle coupled with a counter-current radiative-convective boiler demonstrates the best
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performance in terms of biomass to electricity conversion efficiency, i.e. 36% for
turbine inlet temperature of 550 °C. It is found that more heat is transferred from
flue gas of the boiler to the bottoming cycle if a convective boiler is used, and ac-
counts for lower thermal efficiencies for convective boiler configurations. When the
air-preheating unit is removed, the thermal efficiency range drops from 30-36 % to

28-34%.

The pioneer and relatively the most respected study on RC sCO2 cycles is done by
Utamura [40]]. In his thermodynamic analysis on a RC sCO2 cycle, he demonstrated
that thermal efficiency of 45% under maximum operating conditions of 20 MPa (200
bar) and 800 K (526.85 °C) is achievable. The suggested RC cycle configuration in
his study also overcomes the pinch-point problem that is common in simple recu-
perated sCO2 cycles accounting for mediocre thermal efficiencies , i.e. 39% for the
same operating conditions. However, it is stated by the author that the high thermal
efficiencies up to 45% are only possible if state-of-the-art heat exchangers with high
temperature effectiveness (98%) are used as recuperators. Otherwise, the thermal
efficiency drops to 40% for recuperators with 85% effectiveness. Coincidently, Uta-
mura designed bench scale novel microchannel heat exchangers reaching this high
effectiveness value (98%) which later is used to verify his numerical findings with a
bench scale sCO2 cycle experiment [65,41]]. In order to optimize his model, Utamura
conducted parametric analysis on key parameters such as the turbine expansion ratio
and part-flow ratio, i.e. the ratio of the mass flow rate directed to main compressor
after the flow is splitted. The design values giving the optimum results in his study
are presented at Table 2.3, which is used as benchmark for verification in Chapter 5.
The name of the components in Table 2.3 are modified to be consisted with the RC

cycle presented at Figure 2.7.
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Table 2.3: Design conditions of RC sCO2 cycle by Utamura [40] as adapted to Figure

2.7.
Equipment Parameter Unit Value
Compressors Inlet temperature 31.85 °C
Adiabatic efficiency 90 %
Turbine Inlet temperature 526.85 °C
Inlet pressure 200 bar
Adiabatic efficiency 93 %
Expansion ratio 2.51 -
Recuperators Effectiveness 98 %
Pressure drop ratio hot side 0.4 %
Pressure drop ratio cold side 1.2 %
Heater Pressure drop ratio 1.2 %
Cooler Pressure drop ratio 1 %
Splitter Part-flow ratio 0.68 -
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CHAPTER 3

MATERIALS AND METHODS FOR BIOMASS CHARACTERIZATION

In this chapter, background of the obtained OR samples, used materials for the ex-
perimental study, and mathematical background for the combustion kinetics of the

biomass samples are described.

3.1 Background of the Obtained Biomass

The studied olive residue (OR) samples are obtained from a olive oil factory named
Altinvadi Zeytinyag1 Fabrikas1 Kiip Yag San. Ve Tic. As, located in Karacasu province
of Aydin. The samples are by-product of olive oil harvest season of 2018. Since
different olive oil production methods exist, it is worth to mention these olive oil

production methods to provide a clear background for the studied fuel samples.

Olive oil production includes several processes such as olive washing, grinding, beat-
ing, and the extraction. While the first three processes are more or less same for the
different methods, it is worth noting that the most important process is the extraction

since the type and amount of the waste depends on it.

The extraction methods can be divided under two main category: 1) traditional press-
ing, 2) centrifugation. Although the traditional pressing is relatively an obsolete tech-
nology and been taken over by centrifugation methods in the last decades, it is still
used extensively especially in some countries such as Portugal. In order to provide
more insight, a quantitive comparison of the methods from a 2006 study for selected

Europen countries are presented at Figure 3.1 [66].

Traditional pressing is the most primitive method to extract oil, changed slightly over
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Figure 3.1: Distribution of olive oil extraction technologies for European countries

[66]]. Note that 2-phase and 3-phase are centrifugation methods.

the centuries.. After the olives are washed and grinded (generally via using “ancient”
stone mills) , the grinded mud-like mixture are packed into a sort of felt packs, where
the liquid oil-wastewater mixture is allowed to leak through the pores of the packs by
itself. Then these bags are placed under a press for further and forced leakage. At the
end, most of the emulsion will be drawn out ot bags, leaving a solid waste with a trace
amount of oil inside the packs. This solid leftover is called as olive residue, olive husk
or olive pomace, and these terms are used interchangibly. Finally the leaked olive oil-
wastewater mixture is sent to a decantation device where the oil is extracted, leaving

a black colored wastewater as the final waste.

The centrifugation methods can also be divided under two category: 1) 2-phase sys-
tems, 2) 3-phase systems. In these systems, the grinded mud-like mixture is directly
put into a 2-phase or 3-phase centrifugation device (allowed to mixed further with
hot water if it is a 3-phase system) and a thick paste residue is extracted at the end
of the centrifugation for 2-phase systems where a relatively dry residue is obtained
in 3-phase systems . The remaining mixture is then subject to processes such as
oil washing and oil recovery, where the olive oil is extracted as a final product. A

schematic for all of the discussed methods is provided in Figure 3.2 [67]].

The studied OR samples are obtained from a small-scale olive oil factory using tradi-
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Figure 3.2: Overview of oil extraction methods [67/]. Note that 2-phase and 3-phase

are centrifugation methods.

tional pressing as the extraction method. Considering the final amounts of extracted
oil between these three methods, it is likely that amount of extractable oil trapped in
the OR obtained by traditional pressing is greater than those ORs obtained by other

two methods.

3.2 Fuel Preparation

Initially, obtained OR samples are kept overnight in the muffle furnace at 105 °C
to determine the excess moisture content of the as received fuel. The used muffle
furnace (Figure 3.3) is located at Clean Combustion Technology Laboratory (CCTL)
of Middle East Technical University (METU) Mechanical Engineering Department.
This initial drying process to remove excess moisture is required prior to grinding,
since, otherwise the moist fuel ends up sticking the walls of the grinder, and making
the grinding process more difficult. Five samples with nominal masses of 1 gram
are prepared and the average result of the excess moisture content of as received
fuel is presented at Table 3.1. Although the fuel can still retrieve a trace amount of

moisture after the initial drying, avoiding the effect of excess moisture on the further
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Figure 3.3: Muffle furnace at Figure 3.4: Ring mill grinder at Mineral
CCTL METU Processing Laboratory METU

experiments is important.

After the removal of excess moisture, the samples are grounded using ring mill grinder
(Figure 3.4) located at Mineral Processing Laboratory of METU Mining Engineering
Department. The ground samples are sieved using Retsch sieve sets and the Retsch
sieve shaker located in METU Mining Engineering (Figure 3.5). The prepared sam-

ples are stored in glass vials between particle size range of 106-125 um.

(a) As received fuel (b) Ground and sieved (c) Collected ash

Figure 3.5: Sieves and shaker. Figure 3.6: Studied OR in glass veils.
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3.3 Experiments

After drying, grinding, sieving, and storing, further experiments can be done using
the prepared samples. In order to conduct proximate analysis, a TGA experiment is
done using Perkin Elmer Pyris STA 4000 thermogravimetric analyzer (Figure 3.7) lo-
cated at Composite Material Characterization Laboratory of METU Center for Wind
Energy Research (RUZGEM). The thermogravimetric analyzer is programmed to fol-
low the steps indicated below:

(in the presence of nitrogen atmosphere)

1) Heat the sample from 25 °C to 105 °C at 10 °C/min

2) Hold for 5 minutes at 105 °C

3) Heat from 105 °C to 950 °C at 10 °C/min

4) Cool from 950 °C to 450 °C at 20 °C/min

5) Hold for 5 minutes at 450 °C

(switch the atmosphere from nitrogen to air)
6) Heat from 450 °C to 950 °C at 10 °C/min
7) Hold for 5 minutes at 950 °C

Figure 3.7: Perkin Elmer Pyris STA 4000 Thermogravimetric analyzer (right)
equipped with Fourier-transform infrared spectrometer (left) at RUZGEM.
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Thermogravimetric curve (weight vs time) for the proximate analysis is shown in
Figure 3.8. The proximate analysis is done according to procedures described in
[68]. The intervals for release of moisture, release of volatiles, combustion of the
fixed carbon, and the remaining ash are also highlighted in Figure 3.8. Unexpectedly,
there observed a jump in the graph when time is around 100 minutes, however, it can
be explained by the change of the gas supply as that interval coincides with the end

of the step 5 of the experiment.
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Figure 3.8: TGA profile for the proximate analysis.

Ultimate analysis, that is used to determine the elemental composition of the fuel, is

performed by Central Laboratory of METU, and results are presented at Table 3.1.

TGA analysis to be used for the evaluation of combustion kinetic parameters is per-
formed at Central Laboratory of METU under heating rate of 20 °C/min using ther-
mogravimetric analyzer Perkin Elmer Pyris 1. Ash free TG and DTG curves from

this analysis are presented in Chapter 4 at Figure 4.1.

Since the ash content of the studied OR sample is quite low (<%?2) as it can also
be observed from Figure 3.8, numerous experiments is needed to generate enough
amount of ash to be delivered for ash analysis. The muffle furnace at Clean Com-
bustion Technology Laboratory is used for the ashing by following the standard test
method for ash in biomass ASTM E1755-01. The collected ash is delivered to Cen-
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tral Laboratory of METU, where the fractions of inorganic matters are analyzed using
Rigaku Ultima IV X-ray Diffractometer. The result of the ash analysis is presented at
Table 3.1.

Table 3.1: Elemental analysis of the studied olive residue.

Parameter

Moisture content (wt.%, as received)
Moisture 7.5

Proximate Analysis (wt.%, dry basis)

Volatile Matter 83.9
Fixed Carbon’ 14.2
Ash 1.9

Ultimate Analysis (wt.%, dry ash free)

C 51.5
H 6.2
N 0.7
S -
(o} 41.6
Lignocellulosic compositionb (wt.%, dry ash free)
Hemicellulose 37.8
Cellulose 37.3
Lignin 24.9
Ash analysis (wt.%, dry basis)

SiO, 10.8
ALO; 33
Fe O3 4.6
CaO 33.1
SO; 10.0
MgO 44
P,0s 8.5
K,O 21.2
Na,O 2.1
Cl 0.1
MnO 0.5
Other oxides 1.3
Calorific Value (dry basis)

Higher Heating Value® (MJ/kg) 205

* Calculated by difference
® Calculated by an emprical correlation

¢ Calculated numerically
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3.4 Methodology for Biomass Characterization

3.4.1 Kinetic Parameters

As stated in Chapter 2, the kinetic analysis of solid fuel combustion is based on the

rate equation supplied in Equation 3.1.

do
5 = KT fla) (3.1)

where « is the conversion ratio, da/dt is the conversion rate, k is the reaction rate, T

is the temperature, and f(«) is the reaction model.

Note that Equations 3.1 and 3.2 are introduced in Chapter 2 as Equations 2.1 and 2.2.

They are reintroduced here to improve the readability of this section.

The temperature dependence of the reaction rate, k(7°), is usually represented by the

first order Arrhenius equation:

k(T) = A e Be/BT (3.2)

where A is the pre-exponential factor, F, is the activation energy, R is the universal

gas constant, and 7" is the temperature.

In thermogravimetric measurements, the conversion ratio («) can be defined as the

ratio of instantaneous weight loss to total weight loss given by equation:

o = Mo —m (3.3)
mo —Mmy

where m, mg and m; are the instantaneous, initial and final masses of the sample,

respectively.

The constant heat rate assumption is made for non-isothermal TGA experiments, and
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this constant heat rate () is defined as:

T

= — 34
= (3.4)
Using Equation 3.4, Equation 3.1 can be transformed into:
da k
—— = —=dT (3.5)
fla) B

where the left-hand side is a function of conversion ratio («), and right-hand side is a
function of temperature (7°). Then, substituting Equation 3.2 into Equation 3.5, and

integrating both sides of Equation 3.5, the following expression is obtained:

¢ do AT —Eq/RT
— = o/ M dT 3.6
g(a) o fla) B /o ‘ G0

g(«) is only function of conversion ratio («), and depends on the mechanism (pre-
sented at Table 3.2) controlling the reaction. Although no analytical solution exist for
Equation 3.6, there are many approximations, with one of the most popular being the
Coats-Redfern Method. CRM utilizes the asymptotic series expansion to approximate

the exponential integral in Equation 3.6 [69], giving:

gla) AR _2RT* B E,
n T =In (5Ea (1 E. )> R 3.7

Plotting the left-hand side of Equation 3.7 versus 1/T gives F, and A from the slope

and intercept of the best fitted line as follows:

E,
5 = Slope (3.8)
A 2RT*
In (55 (1 — ]Z;a )) = Intercept (3.9

where 7™ is the mean temperature of area of interest in TG data.
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Using a model-fitting approach, i.e. CRM, enabled the fitting of different reaction
mechanisms, represented by the mathematical function g(«). Within the context of
this thesis, three main reaction mechanisms are evaluated: 1) reaction order con-
trolled; 2) phase boundary reaction controlled; and 3) diffusion controlled. These
mechanisms are presented at Table 3.2 as adapted from works of Gil et. al. and

Phadnis [70, [71]].

Table 3.2: Reaction models and corresponding f(«) and g(«) functions.

Model f(a) g(a)
Reaction Order Controlled

O1 — First Order (1-a) -In(1-ar)
02 — Second Order (l-()t)2 (l-oc)'I
03 — Third Order (1/2)(1-a)’ (1-a)”

Phase Boundary Controlled
R2 — Contracting Cylinder 2(1—0&)1/2 1-(1 —u)l/
R3 — Contracting Sphere 3(1—0&)2/3 1—(1—(1)1/

2

3

Diffusion Controlled
2

D1 — 1-D Diffusion Controlled  (1/2)(0)" o
D2 — Valensi, 2-D (-In (1-0) )" (1-a) In(1-a) + o
2/3 1/3 1/3.2
D3 — Jander, 3-D 21-0)(1-(1-0) -1 (1-(1-0)")
D4 — Ginstling-Brounshtein, 3-D (3/2)((1-0) -1 1-20/3-(1-0)™"
g9()

After the plots of lnﬁ vs 1/T are drawn for each reaction model, the goodness of

the fitting is evaluated by the coefficient of determination, R? value, and the kinetic

parameters F, and A are found using Equations 3.8 and 3.9.

In reaction order controlled models (O1-03), the dominant reaction mechanism is
chemical kinetics; and models O1, O2, and O3 correspond to first, second, and third
order, respectively. In the phase boundary controlled models (R2 and R3), the reaction
is controlled by the movement of the interfaces of the particles. These interfaces move
at constant velocities and cause reactions to occur almost instantaneously. As a result,
the surface of the each particle is covered with layer of combustion products. Among

the phase boundary controlled models, the contracting cylinder model (R2) creates a
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reaction zone of circular structures, reacting inward from the periphery; whereas in
the contracting sphere model (R3), spherical reaction zones are formed, and reacting
radially inward from the surface. In diffusion controlled models (D1-D4), the reaction
is controlled by diffusion of the oxygen into the reacting particles. 1-D diffusion
represents a uni-dimensional diffusion where the reaction rate is only a function of
diffusion barrier thickness; 2-D diffusion represents a two-dimensional diffusion into
the cylinder where the reaction rate is functions of the radius and azimuth; and both
D3 and D4 represent diffusion models that take three dimensions into account so that

the particles are considered as spheres [28]].

3.4.2 Higher Heating Value

The heating value of is one of the most important properties of biomass fuels espe-
cially for design considerations in power plant scale. Within the context of this thesis,
heating rate is the only parameter from fuel characterization section that is directly
integrated to hybrid power plant simulations along with the elemental composition
of the fuel. However, the heating value of the studied OR is not determined experi-
mentally due to lack of experimental equipment in Middle East Technical University.
Fortunately, there are numerous studies in the literature to estimate the higher heat-
ing value (HHV) of biomass fuels accurately using proximate, ultimate and chemical
analysis of the samples. It is suggested that the correlations based on ultimate analy-
sis are the most accurate [72]. Therefore, eight different HHV correlations from the
literature that are based on ultimate analysis of biomass fuels are selected and sum-
marized in Table 3.3. Magalhaes et. al. [28] reported the HHV of their OR sample
that are obtained from Balikesir region of Turkey as 20.11 MJ/kg. Since the ultimate
analysis of their OR is also available in the same study, a verification matrix using the
ultimate analysis of Magalhaes et. al.[28]] is created. Although all of the correlations
in Table 3.3 shows good accuracy with a maximum absolute error smaller than 4.3%,
the most accurate correlation in Table 3.3, Sheng and Azevedo [72]] with an absolute
error of 1.1%, is used in the evaluation of HHV of the studied OR within this thesis,
resulting in HHV value of 20.5 MJ/kg, and presented in Table 3.1.
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Table 3.3: Higher heating value estimation formulas for biomass fuels.

Source Correlation (HHV, MJ/kg)

Tillman [/3] HHV =0.4373 C-1.6701

Gas Technology Institute [/4] HHV =0.341 C+ 1.322 H- 0.120- 0.12 N + 0.0686 S
- 0.0153 Ash

Graboski and Bain [[75]] HHV =0.328 C + 1.4306 H - 0.0237 N + 0.0929 S
- (1-Ash/100) (40.11 H/C) + 0.3466

Jenkins and Ebeling [[76] HHV =-0.763 + 0.301 C + 0.525 H + 0.064 O

Annamalai et. al. [76]] HHV =0.3516 C + 1.16225 H- 0.1109 O
+0.0628 N + 0.10465 S

Demirbas [77]] HHV =0.335C+ 1423 H-0.1540-0.145N

Channiwala and Parikh [7/8]  HHV =0.3491 C + 1.1783 H + 0.1005 S - 0.1034 O
-0.0151 N - 0.0211 Ash

Sheng and Azevedo [[72]] HHV =-1.3675 + 0.3137 C + 0.7009 H +0.0318 O
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3.4.3 Fouling and Slagging Potential

Slagging and fouling are two common types of ash deposition on the boiler surfaces.
Generally, the distinction between them is made based the location where the depo-
sition occurs. Slagging refers to deposition of molten ash in the radiative section of
a boiler, i.e. mainly furnace walls of boiler, while fouling refers to the deposition of
ash in the convective region, i.e. surfaces of superheater and reheaters. Both fouling
and slagging possess serious threat to life cycle of boilers as they cause corrosion in

the tubes and reduce the heat transfer rate within the boilers.

The slagging and fouling characteristics of biomass fuels are closely related to chem-
ical composition of inorganic matter present in the biomass, i.e. ash. The concepts
of slagging and fouling play crucial role for the design of biomass boilers. There-
fore, numerous slagging and fouling indices to predict the ash behaviour during the
combustion process are offered by researchers. For this purpose, emprical indices to

predict the behaviour of especially biomass ash are introduced within this section.

Biomass fuels with high contents of silica and alkali metals can result in the formation
of silicates with low melting point (<800°C) that create deposits near the bed surfaces
of the boiler. This tendency is especially common in herbaceous biomass fuels such
as wheat or sorghum [79]. Miles et. al. [80] suggest that the alkali content of the fuel
is one of the key indicator of the slagging and fouling problems in the boilers, and
proposed the Alkali Index (A7) in Equation 3.10 to predict the effect of alkali metals

in biomass ash on slagging and fouling potential:

Al = (K>0 + NayO) Ash /| HHV (3.10)

where HHYV is the higher heating value (GJ/kg), Ash is the fraction of ash in the fuel,
and K,O and N,O are the weight percentages of these oxides (dry basis) in the ash

composition.

According to this index:
AI >0.17 kg Alkali per GJ fuel — probable fouling and slagging.
Al > 0.34 kg Alkali per GJ fuel — certain fouling and slagging at unmanageable
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degree.

Chlorine plays a key role in promoting the transfer of potassium in the gas phase,
where it participates in further reactions or is deposited on the cold surfaces. On
these surfaces, it can react with the protective oxide layer of the boiler metal, and
may initiate corrosion. Therefore, the following Chlorine-based index to predict the

slagging in biomass fuels is proposed [79] :

Cl1<0.2 — low slagging trend.
0.2 < Cl < 0.3 — medium slagging trend.
0.3 < C1< 0.5 — high slagging trend.
0.5<Cl — very high slagging trend.

where C' represents the chlorine content (% weight, dry basis) of the biomass ash.

Another useful parameter for predicting the fouling and slagging potential of the fuels
is base-to-acid ratio (B/A), given in the Equation 3.11. In this equation, the com-
pounds in the nominator are termed as basic compounds, B, and have low melting
points; while the compounds in the denominator are called as acidic compounds, A,
and have high melting points. Although there is no clear consensus in the literature
for the interpretation of B/A values, some remarks can be given as Pronobis et. al
[81] states that the slagging is low while B/A < 0.75 and B/A > 2, and the slagging
potential is high between 0.75 and 2. Similarly, Teixeira et al. [82] suggest that slag-
ging is maximum when B/A is around 0.75; meaning slagging is decreased as B/A

increases from 0.75 to 2 or decreases below 0.75.

Originally, the parameter B/A is derived for the fuels for low phosphorus content,
e.g. coal. However, most of the biomass fuels have considerable phosphorus content,
and the phosphorus pentoxide, P, O3, has the potential to drop melting temperature of
the ash due to having a low melting temperature (569 °C), which ultimately increases
the slagging potential. Therefore, a modified B/A ratio with addition of phosphorus,
B/A(+P), is proposed and given in Equation 3.12. Since base-to-acid ratio is also a
useful parameter to calculate other indices such as Slaggging and Fouling indices, (S;

and F7), supplied in Equations 3.13-3.14, the modified ratio, B/A(+P), is employed
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in the calculation of S; and F7 for the studied OR herein after. Another parameter for
determining the slagging potential, Slag Ratio, S, is also supplied in Equation 3.15
[83]].

FesO3 + CaO + MgO + NayO + K0

B/A = SiOs + AlbOs + Tiy0 G1D
BJA(+P) = FeyO3 + CaOSZ.—lO—ZJ\:[LngLgszgi;—OKQO + P05 (3.12)
S; = BJA(+P) - S¢ (3.13)

Fy = BJA(+P) - (NayO + K50) (3.14)

Sk 5102 100 (3.15)

" Si0; + Fes03 + CaO + MgO

Note that in above Equations 3.11-3.15: Al,O3, CaO, FesO3, K5O, M gO, P0s,
S104, and T'50 represent the weight percent of these compounds in the ash compo-

sition, while S? is the weight concentration of sulphur on dry basis in the fuel.

In order to predict the slagging and fouling potential, the approximate ranges for
Slagging Index, Slag Ratio and Fouling Index are provided in Table 3.4 as adapted
from Febrero et. al[83]].

3.4.4 Lignocellulosic Composition and Combustibility Index

Although biomass sources exists in diverse forms and compositions, they are gen-
erally chemical mixture of polymer components, i.e., cellulose, hemicellulose, and
lignin, as well as extractives. The chemical composition of the biomass source in
terms of these polymers is one of the key parameters to determine the devolatilization

characteristics, and therefore experiments are commonly conducted to determine the
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Table 3.4: Approximate ranges for the selected slagging and fouling indices[83]].

Parameter Approximate Ranges

Slagging Index St < 0.6 low slagging
Sr =0.6-2.0 medium
Sy =2.0-2.6 high
St > 2.6 extremely high

Slagging Ratio Sk > 72 low slagging
72 > Sk > 65 medium
Sk < 65 high

Fouling Index F; <0.6 low fouling
0.6 < F; <40 high

F; > 40 extremely high

(tendency to sintering of deposits)

lignocellulosic composition of the biomass fuels. However, since this thesis focus on
preliminary analysis on biomass, no experiment is done to determine the lignocellu-
losic composition of the studied OR. Instead, an emprical model based on ultimate
and proximate analysis of the fuel is employed to calculate the lignocellulosic com-
position of the studied OR, according to Equations 3.16-3.17 [84]. The correlation
range for the method developed by Sheng and Azavedo [84] is also given in Table
3.5. Note that for the studied OR, the values for O/C, H/C, and V M are 0.60, 1.44,
and 83.9% respectively.

cellulose = —1019.07 + 293.810 (O/C) — 187.639(0/C)* + (3.16)
65.1426 (H/C') — 19.3025 (H/C)? +21.7448 (V M) —
0.132123 (VM)?

lignin = 612.099 + 195.366 (0/C) — 156.535(0/C)% + (3.17)
511.357(H/C)—177.025(H/C)? —24.3224 (V M) +
0.145306 (V M)?

where V' M represents the volatile matter in weight percent dry ash free basis; O/C

44



and H/C are the molar ratios of oxygen to carbon, and hydrogen to carbon, respec-

tively. The hemicellulose composition is calculated by the difference.

Table 3.5: Correlation range of the method developed by Sheng and Azevedo[84].

O/C (molar ratio) H/C (molar ratio) VM (wt.%)
Range 0.56-0.83 1.26-1.69 73-86

The combustion characteristics of fuel are often represented by the characteristic tem-
peratures, as explained in Chapter 2. Combining these characteristic temperatures
with TG data, a more comprehensive parameter, combustibility index, S , can be
obtained as suggested by Zou et. al. [85]. Combustibility index can provide better
measurement for the reactivity of the fuel, since it is sensitive to both the maximum
rate of weight loss during the thermogravimetric analysis, and the characteristic tem-
peratures, T}, and Tz . Higher value of S means that the fuel combustion reactivity is
better [85]].

AW/ dt s - AW/ mean

S
Tig - Tp

(3.18)

where |dW/dt|na, and |dW/dt|eqn represent the maximum and average rate of
weight loss, respectively; while T3, and Tz are the ignition and burnout temperatures

(°C), respectively.
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CHAPTER 4

BIOMASS CHARACTERIZATION RESULTS

In this chapter, the results of experimental work on characterization of the studied

biomass are discussed.

4.1 Results based on TGA data

Combustion experiment of the studied OR is conducted under heating rate of 20
°C/min, using a thermogravimetric analyzer. The thermogravimetric (TG) and deriva-
tive thermogravimetric (DTG) curves as a function of the temperature are presented in
Figure 4.1 along with the identified stages of combustion where the moisture release
stage is excluded. The characteristic temperatures of the studied OR based on the
conducted TGA are also obtained using the method of characteristic temperatures, as

explained in Chapter 2.

In Figure 4.1, Stage A refers to decomposition stage where the bonds between clus-
ters of hydrocarbons are start to be loosen and break. This stage is defined between
Decomposition Temperature (7p) and Ignition Temperature (7;,). Typically, the com-
bustion stage in fuels is defined between Ignition Temperature (7;,) and Burnout Tem-
perature (1'5). However, for the studied OR, the combustion stage is divided into two
stages, B and C. Stage B refers to main stage of combustion and defined by the ma-
jor peak in DTG curve. Stage C, on the other hand, refers to the second stage of
combustion, characterized by the second DTG peak. The existance of a secondary
combustion stage in TGA data is attributed to the fact that volatiles and char are burn-

ing seperately and it is a common phenomenon in biomass fuels [86]].
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Figure 4.1: TG and DTG profiles for the studied OR under 20 °C/min with indication

of characteristic temperatures and combustion stages

The weight loss of the respective stages A, B and C are presented at Table 4.1. Ac-
cording to Figure 4.1 and Table 4.1, the following arguments can be made. During
the combustion, the studied OR showed two distinct stages of weight loss, Stage B
and Stage C. Stage B is defined between 247 and 412 °C with twin peaks at 323
and 347 °C. The underlying theory leading to this result might be the release of two
different volatile species with different but close peak temperatures around 340 °C.
Since Fourier-transform infrared spectroscopy (FTIR) analysis is not done during the
TGA, this hypothesis cannot be verified. FTIR is an experimental technique which is
commonly used with TGA by coupling a FTIR device to TGA analyzer, as it also can
be seen from Figure 3.7. It allows detection and measurement of gaseous species re-
leased during thermogravimetric analysis. The secondary combustion stage, Stage C,
is defined between 412 and 737 °C with no pronounced peak. Considering the weight
losses for Stage B and C, which are obtained from Table 4.1 as 38.8% and 48.7%
respectively, and the volatile matter of the OR, i.e. 83.9%, from Table 3.1, it can be
suggested that partial volatile combustion occured during Stage B, while the rest of

volatiles are combusted concurrently with fixed carbon during Stage C. In addition
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to that, since sum of weight losses for Stage A and B, i.e. 87.5%, is lower than the
sum of volatile matter and fixed carbon content of the studied OR, it indicates that
the release of volatiles started to take place during the decomposition stage defined as

Stage A.

Table 4.1: Weight losses for defined stages of combustion (in wt.%, dry basis), and

unaccounted weight for studied OR.

Loss in Stage A Loss in Stage B Loss in Stage C  Total Loss  Ash content Unaccounted
5.7 38.8 48.7 93.2 1.9 4.9

In order to provide more comprehensive and qualitative understanding on the com-
bustion behaviour, the combustibility index, S, for the main stage of combustion,
Stage B, is calculated and provided at Table 4.2 along with the characteristic tem-
peratures for the studied OR. The calculated S value (units in 107 %min 'K ~3) for
the studied OR, 16.8, is close to the value reported by Magalhaes et. al. [28], i.e.
25.3, for their OR but under the heating rate of 40 °C/min. The reported S values in
their study for heating rates of 15 and 20 °C/min are 5.3 and 7.8, respectively. It is
commonly reported in the literature that the combustibility index of the biomass fuels
are higher than those of coals, it is increased as the biomass ratio of the coal-biomass
blend is increased while being also directly proportional to increased heating rate [[87]]
[88]] [89]. In line with these findings, studied OR within this thesis exhibits a shifted
behaviour to 40 °C/min of the OR studied by Magalhaes et. al. [28]. Combustibility
index for another biomass fuel, babassu nutshell, under heating rate of 10 °C/min is
reported as 17.88 by Protasio et. al. [87], and this value is interpreted as high com-
pared to other biomass fuels. Therefore, the calculated S value for the studied OR
in this thesis can refer to good combustibility characteristics compared to available

studies in the literature.

Table 4.2: Characteristic temperatures (7 — Decomposition Temperature; 7;, — Igni-
tion Temperature; T’» — Peak Temperature; 7’z — Burnout Temperature) of the studied

OR in °C and Combustibility Index, S for Stage B

To Tie Tp Ts S (10" %min” K°)
180 247 347 737 16.8
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The occurrence of two distint combustion peaks for DTG in Figure 4.1 is also ob-
served in studies of Yiizbasi and Selcuk [17] and Magalhaes et. al. [28] where
they investigated the characteristics of Turkish olive residue samples along with other
fuels such as lignites. Specifically, Magalhaes et. al. [28] presented the TG and
DTG curves of their OR sample for heating rates of 15, 20 and 40 °C/min. Although
the TGA experiments within this thesis conducted under a single heating rate of 20
°C/min, both TG and DTG graphs in Figure 4.1 exhibit very good agreement with
the TG and DTG curves presented by Magalhaes et. al. [28] under heating rate of
40 °C/min. For the other Turkish OR studied by Yiizbas1 and Selcuk [17], where the
effect of the combustion environment is investigated under a single heating rate of 40
°C/min, the reported decomposition, ignition and peak temperatures are around 180,
250 and 310 °C, respectively, varying slightly over changing environment. Consider-
ing that these temperatures are in good aggreement with the obtained temperatures at
Table 4.2, it can be claimed that the direct results from the conducted TGA are in line

with the findings on Turkish OR avaliable in the literature.

4.2 Results on Kinetic Parameters

In determination of kinetic parameters for combustion, there is no consensus in the
literature on the definition of the combustion interval as Gangavati et. al. [90], Wang
et. al. [91], and Fang et. al. [92] consider single global reaction while Gil et al.
[70] considers two stage reaction with three potential main reaction mechanism as
provided in Table 3.2. In this thesis, the latter is adopted since two distint combustion
intervals, Stage B and C, are observed in DTG for the studied OR. In addition to that,
two stage reaction method is also adopted by Alvarez et. al. [35] in determination of
kinetic parameters of 28 biomass fuels, and therefore it is possible to make compari-
son of the studied OR with the 28 benchmark biomass results for both of the stages,
B and C. Being particularly important for including an analysis on Turkish OR, Ma-
galhaes et. al. [28]] adopted the same method from Gil et al. [/0], and thus adding

another set of array for comparison.

The plots of left-hand side of Equation 3.7 versus 1/T are drawn for each of the 9

reaction model given in Table 3.2 for respective combustion stages B and C, and
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supplied in Figure 4.2. The best fitting model is selected based on the R? value, and
the kinetic parameters are calculated using Coats Redfern Method as explained in
Chapter 3. The best fitting models and obtained kinetic parameters are summarized

in Table 4.3.

Table 4.3: Temperature intervals, correspondent models and the kinetic parameters

Stage T (°C) Model R? E. (kJ/mol) A (1/min)  k (1/min)
A 247-412 03 0.9556 32.6 607.7 1
B 412-737 D3 0.9891 17 0.6 0.07

The results suggest that Stage B is best characterized by a reaction order controlled
mechanism, particularly O3 - a third order model. The apparent activation energy for
this stage is found as 32.6 kJ/mol. For Stage C the best fitted model is a diffusion
controlled mechanism, D3, described by Jander’s equation for solid state reaction
kinetics in a sphere where diffusion in three directions play important role. The ap-

parent activation energy for this stage is found as 17 kJ/mol.

Despite the best fitted models (O1 and D1, respectively, for Stage B and C) are differ-
ent for the Turkish OR studied by Magalhaes et. al. [28]], the dominant mechanisms
(reaction order and diffusion controlled, respectively) are same as the ones found in

this thesis.

It should be noted that although the pre-exponential constant (A) and the reaction rate
(k) are considered as kinetic parameters (three of E,, A, and k are referred as kinetic
triplets), A and k values are not commonly reported in the literature. Therefore, a
comparison table consisting of F, values corresponding to two combustion stages
of 28 biomass fuels under the heating rate of 15 °C/min is presented in Table 4.4
[35]. Apparent £, values of Turkish OR from the study of Magalhaes et. al. [28§]
for heating rates of 15, 20 and 40 °C/min are also added to this table for comparison
purposes. It should be noted that CRM is used in the evaluation of kinetic parameters

for all of the presented cases.

51



In g(a)/T2

In g(a)/T2

In g(a)/T?

1/T (KY)

c) Diffusion Controlled, Stage B

1/T(K?)
0.0014 0.0015 0.0016 0.0017 0.0018 0.0019 0.002 0.0008 0.0009 0.001 0.0011 0.0012 0.0013 0.0014 0.0015 0.0016
10 L \ A \ A 0.0 . L , N N . .
y =-1182x - 11.419
] y =-3916.2x - 5.2324 2.0 R? =0.8598
R? =0.9566
y =-13003x +6.2398
. -4.0 4 R? =0.7987
~
6.0 -
] % y=-5622.7x - 4.6678
........ y =-1354.4x - 10.023 =
........... =09185 c 301
41 [y-a053«-55868| o
Reooa7 | S —o01 -10.0 4 o
15 < | ——02
-12.0 1 02
. 03 03
: ‘ -14.0
a) Reaction Order Controlled, Stage B d) Reaction Order Controlled, Stage C
1/T (K?) 1/T (K?)
0.0014 0.0015 0.0016 0.0017 0.0018 0.0019 0.002 0.0008 0.0009 0.001 0.0011 0.0012 0.0013 0.0014 0.0015 0.0016
13 \ ) ) L . 139 . . A \ A . .
s -14.0
..... —R2
...... -14.0
TS R3 a1 | y =239.54x - 14.279
...... - : R? =0.9251
as 4 T
...... X -14.1
..... 3
s R 6 -14.2
---- £
-16 y=-aa017x-74597| N N, -14.2 +
RP=09353 NN TSR R2
-14.3 4
16 y =-4294.8x - 7.4234 o
R? =0.9283 -143 | y=-144.99x - 14.08 " |—r3
R? =0.8224
17 -14.4
b) Phase Boundary Controlled, Stage B ¢) Phase Boundary Controlled, Stage C
-1
1/T (k) YTk
0.0014 0.0015 0.0016 0.0017 0.0018 0.0019 0.002 0.0008 0.0009 0.001 0.0011 0.0012 0.0013 0.0014 0.0015 0.0016
- 13.0 . . . . . . .
an | e y = -8694.4x - 0.7214 135 4 e 2;3.§2x3;;:.135
R? =0.9289 ’ —
as 4 e eIRONC
: y = -9393.5x - 0.097 a0 {0 e
— -
16 4 R? =0.9399 PR e O
= y = -2047.4x - 12.585
a7 T 185 4 R? =0.9881 y = -509.48x - 13.503
W R? =0.8281
y=-10191x - 0.1066 - < — ——D1
-18 1 R? =0.9507 N —D1 -15.0
—D2
-19 1 y =-9658.2x - 1.1048 b2
- -15.5 b3
=0.9438 D3
20 1 y=-975.6x - 14.26
—D4 R? =0.9847 o4
2 -16.0

f) Diffusion Controlled, Stage C

Figure 4.2: Evaluation of fittings to Stage B and C using reaction mechanism sup-

plied in Table 3.2. O1 — First Order; O2 — Second Order; O3 — Third Order; R2 —

Contracting Cylinder; R3 — Contracting Sphere; D1 — 1-D Diffusion Controlled; D2

— Valensi 2-D; D3 — Jander 3-D; D4 — Ginstling-Brounshtein, 3-D. Equation of the

lines and the R? values are given in cascades as the same color with the fittings.
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Table 4.4: Apparent activation energy values for the selected biomass fuels.

Sample Stage B Stage C
Ea (kJ/mol) Ea (kJ/mol)
Studied OR 32.6 17

Alvarez et. al. [35]

Extracted olive pomace 32.3 14.6
Olive stone 46.3 47.6
Olive tree pruning 36.4 19.2
Almond shell 48.2 17.1
Apple tree leaves 29.4 20.6
Beetroot pellets 21.6 23.2
Briquette 42.8 55.5
Chesnut tree chips 46.6 53.8
Cocoa bean husk 29 15.1
Coffee bean husk 34.6 62.5
Corncob 86.9 19.5
Eucalyptus tree chips 41.8 63

Gorse 30.7 47.1
Grape seed flour 25.6 57

Miscanthus 37.9 50.9
Pepper plant 21.4 47.3
Pine and pineapple leave pellets 45.1 7.5

Pine kernel shell 40.5 48.1
Pineapple leaf 36.9 49.2
Rice husk 53.9 32.8
Sainfoin 34.9 40.9
Scrubland pruning 29 20.9
Sorghum 49.9 18.1
Thistle 34.6 35

Vine shoot 51.6 48.2
Wheat straw 77.5 23.4
Wheat straw pellets 54.6 27.5

Magalhaes et. al. [28]

Olive residue (15 °C/min) 44.2 13.4
Olive residue (20 °C/min) 46.5 12.1
Olive residue (40 °C/min) 47.7 9.1
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In Table 4.4, it is observed that all of the reported apparent activation energy values
lies in the range of 7 to 87 kJ/mol including the studied OR. Among the reported
biomass fuels, extracted olive pomace [35]] and the olive residue [28]] are the most im-
portant ones due to being almost the same fuels as the studied OR, and thus it allow us
to make a comparison. It should be noted that the terms olive pomace, olive residue
and olive husk are used interchangibly as mentioned in Chapter 2. When the £, val-
ues of the studied OR are compared with those of extracted olive pomace [33] and
the olive residue [28]], it is observed that £, values tend to decrease as moved from
Stage B to Stage C. Particularly, £, values for the studied OR are in good agreement
with those of extracted olive pomace reported by Alvarez et. al. [35]. On the other
hand, obtained £, values for the studied OR are slightly lower and slightly higher,
respectively for Stage B and C, than those of reported by Magalhaes et. al. [28]. Sev-
eral reasons might lead to this deviation. First of all, the biomass fuels themselves are
obtained from different regions of Turkey. Their extraction methods might be differ-
ent as no background information for the fuel is reported by Magalhaes et. al. [28]].
In Turkey, the majority of the olive oil production is performed using 3-phase extrac-
tion technologies[93]]. Since the studied OR is obtained through traditional pressing,
it is likely that oily extractives are still present in the fuel. The lower £, value for
the Stage B might be the consequence of these residual extractives. Alternatively,
the relatively higher content of the volatile matter for the studied OR might lead to
lower apparent activation energy for Stage B, as well. The relatively higher value of
the activation energy at Stage C, on the other hand, can be explained by the lower
content of lignin for the studied OR compared to that of OR in Magalhaes et. al.
[28]]. Tt is reported that the required activation energy for lignin can be similar or even
less than that of hemicellulose or cellulose [94] [95]]. The low activation energy may
cause lignin to decompose at lower temperatures, and thus making the decomposition
of ligning to span over a broad temperature interval since the tightly bound ligning

fibers cannot be cleaved rapidly [28].

Ultimately, despite the slight deviations in calculated apparent activation values for
Stage B and C, it can be concluded that the kinetic parameters for the studied OR are

in line with the findings from the literature.
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4.3 Results on Slagging and Fouling Potential of the Fuel

The slagging and fouling characteristics of the studied OR is evaluated using the
indices introduced in Chapter 3. The results and the potential tendencies for slagging

and fouling are presented at Table 4.5.

Table 4.5: Slagging and Fouling Potential of the studied fuel.

Parameter Value Fouling and Slagging Potential
Alkali Index, Al 0.22 Probable

Chlorine Index 0.1 Low
Base-to-acid ratio, B/A 4.7 Low

Modified Base-to-acid ratio, B/A+P 5.3 Low

Slagging Index, Si 1 Medium

Fouling Index, Fi 20.3 High

Slag Ratio, Sg 1.2 High

Based on the Alkali Index, the studied OR exhibits probable tendency for fouling
and slagging mostly due to the significant amount of potassium oxide (/X20) present
in the biomass ash, 21.2 wt %. It is reported that potassium melts and vaporizes
readily during combustion, and it is commonly deposited on screen tubes of tertiary
superheaters along with the calcium silicates (2 C'aO - Si0-) [80]. This potential
could be especially severe if high temperatures are reached within the boiler consid-
ering that the sum of calcium oxide (C'aO) and silicon dioxide (570,) is 43.9 wt.
% for the studied OR. Regarding Chlorine, Base-to-acid, and Modified Base-to-acid
indices, studied OR seems to have a low tendency for slagging and fouling. However,
the fouling and slagging potential solely based on the Base-to-acid ratios is a topic
where the consensus is not achieved among the researchers. Rather, they are used
in calculation of other indices, e.g. S; and F;. The studied OR shows medium and
high tendency to slagging and fouling, respectively, based on the Slagging (S;) and
Fouling (F7) indices. Alkali concentration (K20 and Nay0) is the main reason that
led to high fouling potential based on the Fouling Index, while the 10 wt. % sulphur
dioxide (SO3) in the ash is responsible for the medium tendency for slagging based
on (Sy). Finally, Slag Ratio (S;) revealed that the studied OR has a strong tendency

to slagging mostly due to high calcium oxide (C'aQ) ceoncentration in the ash, 33.1
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wt. %. Sk is related with the slag viscosity and implies that low value of S causes
low viscosity and therefore high slagging inclination [81]. If the high slagging and
fouling potentials based on the Sg and F values, respectively, are taken into account,
it can be suggested that there might be serious slagging potential for the studied OR
since thick deposits can be formed on the surfaces due to high F7 and cannot be re-
moved due to slightly low viscosity (Si value). It is reported that the slag viscosity
should fall into a certain range in the boilers so that slag removal should be possible

with soot and wall blowing [96]].

Overall, the slagging and fouling potential of the studied OR is discussed based on
the results of available emprical indices in the literature, however, it should be high-
lighted that the slagging and fouling tendency does not solely dependant on the in-
organic matter of the fuel but also influenced by other parameters. Despite being
less important than the inorganic composition, organic matter of the fuel also have an
impact on fouling tendency [83]. Combustion parameters such as airflow is another
parameter having a notable effect. For example, by increasing the amount of supplied
air to the boiler, greater turbulence and larger excess air is achieved, resulting in less
fouling but in the cost of decreased boiler efficiency. The design of the boiler itself
also is one of the most important parameters effecting the slagging and fouling poten-
tial, therefore the preliminary results found in this section can create a starting point

for the design of a boiler (or heater) using the studied OR as a fuel.
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CHAPTER 5

METHODOLOGY FOR HYBRIDIZATION

In this chapter, the fundamental thermodynamic principles for single flash geothermal
Rankine cycle and Recompression sCO2 cycle are briefly discussed. Subsequently,

the design parameters of the proposed hybrid power plant model is explained.

5.1 Mathematical Background

5.1.1 Single Flash Geothermal Steam Rankine Cycle Equations

Thermodynamic processes that a geofluid undergoes in single flash type GEPP are
best demonstrated by a T-s diagram. The typical T-s diagram of a single flash GEPP

is presented at Figure 5.1.

After the geofluid is collected through the production wells, it is allowed for mixing
at a mixing chamber generally at 2-phase state (State 1), before subjected to the throt-
tling process called "flashing". Since the flashing process is assumed as an isenthalpic

process, one can write:

hi = ho S.D

where h represent the enthalpy of the geofluid.

It should be noted that despite the presence of impurities in the geothermal water such
as heavy metals, minerals, gaseous components such as C'Os, the geofluid within this

thesis is assumed and modeled as pure water. Thus, all intensive thermodynamic
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Figure 5.1: T-s diagram for a single flash GEPP

properties of geofluid are obtained for pure water in EBSILON.

After the flashing, the separation takes place as an isobaric process between states 2

and 3-4 in Figure 5.1. The quality of the mixture at State 2, is found from:

hy—hy
" ha—hy

(5.2)

X2

where x is the quality of water.

Note that the states 3 and 4 are located on the saturated liquid and vapor curves,
respectively, and enthalpies at the respective states can be found using the so-called

lever rule of thermodynamics [97]].

The geofluid leaving the seperator as saturated liquid (State 3) is either further uti-
lized in district heating or being reinjected through the injection wells in single flash
GEPPs. In any case, it is out of scope of this thesis. The stream leaving sepera-
tor as saturated vapor (State 4) is expanded in the steam turbine. The specific work

produced by the steam turbine, wy, is calculated as:

Wy = h4 — h5 (53)
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Note that this expansion process is not an ideal (isentropic) process. The isentropic
turbine efficiency, 7, is the ratio of the actual specific work to the isentropic specific

work, and is expressed as:

hy — hs
= — 54
T ha — e (5.4)
where State 5s represents the end of isentropic expansion process.
The total power output of the turbine, Wt, is calculated as:
Wt = T2 Myotal Wy (5.5)

The mechanical power generated by the turbine, Wt, 1s converted into the electrical

power, W, upon multiplication with the generator efficiency, 7, :

We =Ty Wt (56)

The power consumption of the auxiliary components such as pumps, cooling tower

fans etc. should be extracted from W, to find the net power output of the power plant.

In his comperehensive book on geothermarmal power plants, DiPippo suggests us-
ing a modified isentropic efficiency for geothermal turbines before using Equation
5.4 [97]. Considering that the geothermal steam turbines operate in the wet region
of water dome (Figure 5.1) DiPippo suggests an average of 1% drop in the turbine
efficiency for each 1% deviation from the saturated vapor state. This new isentropic

efficiency is called as wet turbine efficiency, 7;,,, and is calculated as:

Ty + Ts

2

Ntw = Ntd 5.7

where 7,4 is the dry turbine efficiency and can be conservatively assumed as 0.85 for

geothermal steam turbines.

It should be noted that all of the characteristic equations for the single flash geother-
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mal (Equations 5.1-5.14) in this thesis are compiled from the comprehensive geother-

mal book of DiPippo [97].

The fluid properties at State Ss can easily be calculated from the known pressure and
entropy values at State 5s. Then, the enthalpy at State 5 is found using the following
equation where the negative effect of moisture on the turbine efficiency is taken into

account:

h
ha = F (1= - )
hs = ja 7 6 (5.8)
1
+ hy — hg
where factor F is defined as:
F =22 (hy = hs) (5.9)

The energy balance equation for the condensing process relates the required flow rate

of cooling water, 1, ,to the steam flow rate, x5 Myytq, as follows:

. . hs — he
Mew = T2 Myotal =

T T (Ts —T.) (5.10)

where ¢ and T, are the mean specific heat of the water during the condensation

process and inlet temperature of the cooling water, respectively.

Note that the Equation 5.10 is valid for direct-contact (DC) type condensers, which
is the case for Kizildere-1 GEPP. In DC condensers, there is one outlet stream as
opposed to two outlet streams in surface-contact type condensers. The turbine exhaust
is condensed upon mixing with the cooling water coming from the wet cooling tower
(WCT) by means of vacuum effect. A representative sketch is for DC condenser
supplied in Figure 5.2. Note that the condensate outlet at State 6 is directed to the

WCT through the cooling tower circulation pump.

The condensate outlet from the condenser (State 6) is pumped to the cooling tower

(State 8) where it falls naturally with gravity. The ambient air enters WCT with a
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Figure 5.2: Direct-contact condenser. Vessel is assumed to be perfectly insulated.

certain amount of water vapor which depends on the relative humidity of the air,
and picks up more water vapor as the condensate cools down due to chilling effect.
The evaporation of the water vapor removes heat from the condensate water, and
thus decreases its temperature. The following first law equation describes the overall

operation of the WCT under steady state and adiabatic conditions:

m8h8 - mcwhcw = mdhd - maha + mbhb (511)
where the subscripts d,a and b represent the air outlet, air inlet, and blowdown water,
respectively.

Note that both the air inlet and air outlet streams contain water in the vapor phase.

The mass conservation for the water can be written as:

m8 - mwa = mcw - mb + mwd (512)

where 1, and 1,4 represent the water content of the inlet and outlet air, respec-
tively. These values can be found from the specific humidity, w, of the air streams

as:

Mapa = Wa Mg (5.13)
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mwd = Wy md (514)
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Figure 5.3: Representative sketch of the wet cooling tower.

5.1.2 The sCO2 Cycle Equations

The modeled RC sCO2 cycle in this thesis consists of the following components as
depicted in Figure 2.7: 2 compressors, 1 turbine, 1 heater, 1 splitter, 1 mixer, and 3
heat exchangers, i.e. high temperature recuperator (HTR), low temperature recuper-
ator (LTR) and the cooler. For the sake of simplicity, the governing thermodynamic
relations of the sCO2 cycle is supplied for the simple recuperated cycle presented in

Figure 2.5.

The compressor is used for increasing the pressure of the C'O, at the vicinity of
the critical point of the C'O, as mentioned previously. The work consumed by the
compressor between the fixed states of 1 and 2 (Figure 2.5) is found for the adiabatic

compression case as [98]:

. m(hg —hl)

Wi, = (5.15)

Neomp

where W, Neomp> and 1 are the power input, the isentropic efficiency of the com-

pressor, and the mass flow rate of the cycle, respectively.

62



Similarly, for the turbine operating between the fixed states of 4 and 5 in Figure 2.5,

the mechanical power produced by the turbine, Wout, is found from:

Wt = 110 (ha — hs5) Turs (5.16)

where 7, 1s the isentropic efficiency of the turbine.

The heat exchangers (cooler and recuperator) are modeled as counter flow heat ex-
changers, and are governed by either of the two inputs: the effectiveness or the termi-
nal temperature difference (TTD). The terminal temperature difference can be divided
into two, namely lower terminal temperature difference (LTTD) and upper terminal
temperature difference (UTTD). LTTD and UTTD represent the temperature differ-
ence of the two streams on the inlet and outlet side of the cold flow, respectively. In
this thesis, effectiveness is used as the input variable for the heat exchangers where a
positive minimum temperature difference along the heat exchanger, i.e. pinch point,
is always ensured. Effectiveness (¢) is a performance parameter for heat exchangers
and becomes 100% for the adiabatic case transferring the maximum amount of heat.

The formula for effectiveness is expressed as follows [98]]:

_ Qactual _ : (m Cp AT)cold or hot (517)
Qmax (m Cp)min (Thot,in - Tcold,in)

€

where (17 ¢p)min is the smaller of the heat capacity rate between hot and cold fluids,

and (17),,,, is the smaller mass flow rate.

The modeled heat exchangers in EBSILON are discretized and Equation 5.17 is
solved for the temperatures of cold and hot streams using the predetermined value
of effectiveness. Using the found outlet temperatures of hot and cold streams, log

mean temperature difference (LM D) can be defined as:

- Tcold,out) - (Thot,out - Tcold,in)

(Thot in
LMTD = :
In Thot,in - Tcold,out

(5.18)

Thot,out - Tcold,in
where subscripts in and out imply the inlet and outlet of streams, respectively.
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The heat exchanger conductance (commonly known as UA value and expressed in
kW/K), is dependent on the effectiveness and serve as an important cost parameter[99]].
Some authors assume that it represents the size of the heat exchanger, and perform
optimization on the conductance value [[100} 48]]. The conductance of heat exchanger

(UA value) can be calculated as:

A — Qactual
LMTD

(5.19)

where Qacwal is the heat duty of the heat exchanger and can be found from either cold

or hot side of the heat exchanger using the nominator of Equation 5.17.

The heater is the place where the fuel is burned and some of the thermal energy
resulting from combustion is transferred to the working fluid of the power cycle, i.e.
COs. Since the C'Os, is at fully critical state in sCO2 cycles, no phase change occurs
in the heater. There are two methods to determine the energy efficiency of the heater,
namely direct and indirect methods. The direct boiler efficiency, 7yeier, 1S used in this

thesis and expressed as:

' use fu i h - h
Nboiler = Q Tl = m.CO2 ( . 3> (520)
Qinput M fuel vauel

where HV},; is the heating value of the fuel and can either be taken as lower heating
value (LHV) or higher heating value (HHV) depending on the phase of the water at
the outlet of the heater.

The thermal efficiency of the sCO2 cycle, 7¢o, 1s found as:

Wnet Wout - Wz
Nco, = — =

= - (5.21
Quseful Mco, (h4 - h5) )

where Quse a1 18 the heat supplied to the sCO2 cycle.
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5.2 Design of the Hybrid Power Plant

In this thesis, the existing Kizildere-1 Single Flash GEPP is hybridized through a
biomass driven sCO2 topping cycle. The modeling of both bottoming steam Rankine
and topping sCO2 cycle is done using the simulation software EBSILON®Professional.
In this section, the procedure regarding the design of the hybrid power plant is ex-

plained in further detail.

5.2.1 Model Verification

Upon signing an NDA with Zorlu Energy, the operational data of the Kizildere-1
(KZD-1) GEPP is shared with METU. Based on the shared data, the modeling of the
KZD-1 is done in EBSILON, and later verified by Zorlu Energy.

The overall scheme of the KZD-1’s EBSILON model and its T-s diagram are pre-
sented in Figure 5.4 and 5.5, respectively. Note that KZD-1 uses multiple production
wells, each at a slightly different condition. Therefore, multiple State 1 exists com-

pared to the T-s diagram of a generic single flash GEPP in Figure 5.1.
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Figure 5.4: EBSILON model of KZD-1 GEPP.
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Figure 5.5: T-s diagram of the KZD-1 model.

Note that the power output of the turbine for the current operation of KZD-1 is 3.3
MWe, which is far below its rated output of 17.8 MWe. There are two reasons led
to this poor power production. First, the steam mass flow rate fed to turbine is 70
ton/h (19.45 kg/s), almost half of the turbine maximum capacity of 42.42 kg/s [[101].
Second, the isentropic efficiency of the turbine is currently 28% based on the basic
thermodynamic calculations that are verified by Zorlu Energy. Considering that the
KZD-1 is Turkey’s first geothermal site commisioned in 1984 and operating for al-
most 40 years, the isentropic efficiency of the turbine might decay significantly. It
is worth to mention that the isentropic efficiency of KZD-1 turbine is reported as
71.2% in a 2004 study by Gokcen et. al. [101]. Nevertheless, the reasons caused low

isentropic efficiency at KZD-1 turbine are out of scope of this thesis.

Although it is not possible the verify the proposed hybrid power plant model due to its
novelty, a standalone sCO2 cycle is modeled in EBSILON and verified using the RC
cycle proposed by Utamura [40]. Using the design conditions in Table 2.3 for com-
ponents and the same inlet states for compressor and turbine in their T-s diagram, the
verification model presented in Figure 5.6 is created using EBSILON, and compared
with the T-s diagram supplied by Utamura in Figure 5.7 [40]. The thermal efficiency
of 45.2% is achieved for the verification model is which is in line with the maximum
45% thermal efficiency of Utamura. Overall, the verification results build confidence

in the robustness of the further EBSILON models.
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Figure 5.6: Verification model with design conditions of Utamura[40]].
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Figure 5.7: T-s diagram for the verification model and Utamura [40]].
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5.2.2 Design Parameters of the Hybrid Model

The 28% isentropic efficiency of KZD-1 turbine is so low that the turbine expansion
process at T-s diagram of the KZD-1 (Figure 5.5) follows almost the saturation curve
of water, where 99% quality is achieved at the steam exhaust. Considering that this
turbine efficiency poorly represents the single flash GEPPs, a new, dry isentropic ef-
ficiency for KZD-1 turbine is defined as 85% in order to make the efforts to hybridize
a single flash GEPP meaningful. A dry efficiency of 85% is selected since this value
is typical for geothermal steam turbines as mentioned by DiPippo [97]. After using
Equation 5.7 for KZD-1, this isentropic efficiency is converted into 80%, which is in
line with the typical isentropic efficiency of geothermal steam turbines [[102]. Note
that in reality, the isentropic efficiency of steam turbines vary with respect to steam
inlet conditions such as steam mass flow rate, temperature, and pressure. However, a
single value of 80% isentropic efficiency is used hereafter to calculate the power out-
put of KZD-1 turbine. For the hybridization scenarios discussed in following sections,
it is assumed that the KZD-1 turbine is replaced with a brand-new geothermal steam
turbine having 80% isentropic efficiency. The power output of the KZD-1 turbine is
calculated and updated as 9.5 MWe.
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Figure 5.8: Modified T-s diagram of KZD-1 with 80% turbine isentropic efficiency.

After the two standalone cycles (steam Rankine and sCO2) are modeled and veri-

fied, the question arises, "how can two completely different cycles with different heat
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sources actually be coupled ?". The initial idea of coupling two cycles (topping sCO2
and bottoming steam Rankine) through the heat exchanger, i.e. topping cycle cooler,
where the bottoming cycle is used as the heat sink as in the study of Bonyadi et. al.
[49] is not completely possible given the circumstances. First of all, the corrected
net power output of KZD-1 according the new turbine efficiency (9.3 MWe) is ap-
proximately half of its rated capacity (17.8 MWe) [[101]]. Therefore, supposing that
the KZD-1 output is desired to be doubled only by using the rejected heat from the
topping cycle to the bottoming cycle, the scale of the topping cycle must be enormous
(>50 MWe) especially if the limited conversion efficiencies of the GEPPs due to low
turbine inlet temperatures (<160 °C) are considered. Secondly, if coupling between
two cycles is considered through the heat exchanger, i.e. cooler of the topping cycle,
the inlet state of C'O, to the main compressor is highly susceptible to the changes in
the cold side (water) flowrate for a fixed effectiveness or pinch-point of the cooler.
In other words, as more heat (by means of 1my,0) is rejected from topping sCO2
cycle to the bottoming steam Rankine cycle through the cooler of the topping cycle
under a certain pinch-point or effectiveness condition of the coupling heat exchanger,
the compressor inlet temperature of C'O, increases for a fixed C'O, flowrate. This
behaviour is extremely undesirable, since the whole point of sCO2 cycles is to min-
imize the compression work by taking advantage of the thermophysical properties
of C'Os at the vicinity of its critical temperature. The negative effect of compressor
inlet temperature on the compression work and the thermal efficiency becomes more
profound at compression inlet temperatures above 50 °C. Thus, another solution for

the coupling of two cycles is needed.

As discussed earlier, the external heat addition to the sCO2 cycles are being done
between a high temperature interval mainly due to the highly recuperative charac-
teristics of the sCO2 cycles. In order to overcome this problem, the sCO2 cycles
are used in cascaded manner, either in sCO2-sCO2, or in sCO2-tCO2 configurations
[64) 159,160,161, 103,104, 105]. Inspired from these studies, the external heat supplied
by the biomass combustion can be utilized such that it is first transferred to the sCO2
cycle (by means radiative heat transfer), while the remaining is utilized in the bottom-
ing Steam rankine cycle (by means of both radiative and convective heat transfer). In

the light of these, a novel configuration to hybridize geothermal steam Rankine cycle
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with a biomass driven sCO2 cycle is proposed in Figure 5.9.

For the proposed hybrid power plant configuration, it should be noted that the existing
bottoming geothermal steam Rankine cycle is not modified except for the addition
of two components, mixer and splitter (State 10 and 12). The existing bottoming
geothermal cycle is, in fact, not cyclic, but instead an open cycle since all of the
geothermal steam is lost as water vapor through the WCT eventually. However, the
parts of the geothermal power plant subjected to hybridization (steam turbine, mixer
and splitter) forms a bottoming cycle with the addition of the dry cooling sytem and
biomass heater. The heat transfer fluid for the hybridization is taken from the basin
of the KZD-1 WCT (State 15). Note that this heat transfer fluid, i.e. cooling water (at
1 bar and 29 °C) is used in closed-loop since the same flowrate is extracted through
the splitter at State 12, and sent back to the basin of the WCT where it is originally
taken from at its original temperature and pressure. In fact, the source of this water
is not very crucial considering that it is fed back at the same conditions to its original
source. Alternatively, it can also be taken from a nearby river, e.g. Biiyiik Menderes

River, assuming the river has sufficient and reliable flow.

The cooling water (State 15) is first pumped to a pressure slightly higher than the
turbine inlet pressure of the bottoming cycle to account for the subsequent pressure
losses (State 16), then sensibly preheated through the cooler using the rejected heat
from the topping sCO2 cycle. The preheated water at State 17 is evaporated (State
18) with the radiation from the combustion and the convective heat transfer from the
flue gas before it is fed to the KZD-1 steam turbine (State 10). After passing through
the turbine, the biomass sourced fraction of the exhaust steam is extracted through the
splitter (State 12), condensed and sensibly cooled via the dry cooling system before
it is poured into the basin of the WCT. The partial extraction of steam exhaust and its
dry cooling are particularly done due to considerable water consumption of KZD-1
GEPP (>20 kg per kWe). For the current operation of the KZD-1 GEPP, more than
95% of the geothermal steam is lost as water vapor through the WCT while the rest

1s directed to blow down.
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The distinction between the two terms, the hybrid power plant and the hybrid cycle
should be specified for better interpretation of the results that are discussed in follow-
ing chapter. The hybrid plant refers all the components and substances presented in
Figure 5.9, whereas the hybrid cycle refers the combination of topping and bottoming
cycle. The distinction between the bottoming cycle and KZD-1 GEEP should also
be specified as two concepts differ from each other. The bottoming cycle (with State
points 15-16-17-10-12) interacts with the KZD-1 GEPP when two streams of steam
vapor are mixed (State 10) before they pass through the KZD-1 steam turbine. This
co-occurrence lasts until the biomass heated portion of the steam exhaust is extracted
through the splitter at State 12. Note that the existing components and the working
conditions of the KZD-1 GEPP remain unchanged during the hybridization. Although
the power output of the KZD-1 turbine is increased due to increased steam flow rate,
this increased power output is later distributed hypothetically between KZD-1 GEPP
and bottoming cycle. The combination of the existing KZD-1 GEPP, hybrid cycle
(topping+bottoming), and the heater forms the hybrid plant.

The topping sCO2 cycle used for hybridization is adapted from the work of Utamura
[40]]. The turbine inlet condition is fixed at 550 °C and 200 bar in order to be parallel
with the designs in the literature. Note that these turbine inlet conditions are quite
common in the literature for RC sCO?2 cycles [42, 104} (105, 106, 64, 107, 108, [109].
Generally in commercial boilers, the temperature of the tubes is controlled by the
working fluid (water) flow to stay below 650 °C in order to protect the material in-
tegrity of the boiler tubes [62]. Although specific materials such as 617, 230, 740H
nickel alloys can withstand higher pressures and temperatures, they are quite expen-
sive compared to conventional boiler materials. Therefore, in order to provide more
freedom in terms of the material selection for the heater-boiler of the hybrid power

plant, the turbine inlet temperature is limited and fixed at 550 °C.

Currently, the steam mass flow rate of KZD-1 is 19.45 kg/s (70 ton/h) as shown in
Figure 5.4, and the net power output of the KZD-1 GEPP is 9.3 MWe if the modified
turbine isentropic efficiency of 80% is taken into account. The additional cooling wa-
ter flowrate that is to be preheated, and eventually evaporated by biomass sourced heat
is the decision to be made carefully. For this purpose, a two-dimensional paramet-

ric analysis with three-dimensional output is conducted and presented in Figure 5.10.
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Note that these two parameters are the mass flow rate of the cooling water subjected to
hybridization, and the mass flow rate of the working fluid (C'Os) of the topping cycle.
These two flow rates can be considered as the two most important parameters of the
hybrid cycle since their values define the key concepts such as the the power output
and the thermal efficiencies. The output matrix is defined for 4 parameters, namely
the net power output of the hybrid plant, net power output of the topping cycle, the
thermal efficiency of the topping cycle, and the thermal efficiency of the hybrid cy-
cle. The rated output of the KZD-1 GEPP plant is 17.8 MWe [101, 97]. The net total
power production of the hybrid plant therefore should be limited by this value since
the license granted to the power plant investor is possibly limited by it. On the other
hand, the net power output of the topping cycle is a factor that is directly proportional
to the investments costs. In other words, as the scale of the topping cycle increases,
the additional components to be bought for the hybridization become more costly.
Therefore, the topping cycle is desired to be kept as small as possible. However, the
thermal efficiency of the hybrid cycle tends to decrease as the ratio of cooling water
mass flow rate to C'Oy mass flow rate increases. This behaviour is visible on the far
right tip of Figure 5.10d where the thermal efficiency of the hybrid cycle exhibits a
minima. The underlying theory leading this result is the standalone efficiencies of the
topping and the bottoming cycles. Assuming both cycles rejecting heat at the same
temperature isothermally, the Carnot efficiency of the topping cycle would always be
higher than that of the bottoming cycle due to higher turbine inlet temperature (TIT).
Since the mass flow rate of the topping cycle is directly proportional to the power
output of the topping cycle, a trade-off between the investment costs and hybrid ther-
mal efficiency emerges. In short, the two mass flow rates (H20O and C'O,) should be
adjusted such that the net power output of the hybrid plant is kept close but below
the rated output of the original GEPP, while retaining good hybrid thermal efficiency
and smaller topping cycle. Note that the thermal efficiency of the standalone topping
sCO2 cycle (Figure 5.10b) is not presented as a decision parameter but as an indicator
to monitor the deviation from the optimum compression temperature of the topping
cycle. For the conducted parametric analysis the base inputs are presented in Table

5.1.

For clarification, the mathematical definition of 4 output parameters in conducted
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Figure 5.10: Results of the parametric analysis on H,O and C'O, mass flow rates.

two-dimensional parametric study (Figure 5.10) along with additional key parameter

indicators (KPIs) which are presented in following results chapter at Table 6.3 should

be given. The total net power output in Figure 5.10a (P,ct totq1) refers the overall net

power output of the hybrid plant, i.e. the combination of KZD-1 GEPP and hybrid

(topping+bottoming) cycle, as follows:

Pnet,total = Pnet,KZD—l + Pnet,topping + Pnet,bottoming

(5.22)

where et kzD—1, Pret topping> aNd Pret pottoming are the net power output of KZD-1

GEPP, topping and bottoming cycle, respectively. These three terms are also for-

mulized as:

Pnet,KZD—l = f)turbine,KZD—l - Pauzillary,KZD—l
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Pnet,topping = Pturbine,topping - PMC,topping - PRC,topping (524)

Pnet,bottoming = Pturbine,bottoming - Pau:pillary,bottoming (525)

where auxiliary term for KZD-1 refers the power consumption of the cooling water
circulation pump operating between DC condenser and WCT. Similarly, the auxiliary
term for bottoming cycle includes the power consumption of the pumps used to circu-
late the cooling water subjected to hybridization along with the power consumption
of the dry cooling system. In fact, the biggest contribution to this term results from
the latter. The subscripts MC and RC in Equation 5.26 refer the consumption of main

compressor and recompressor in the topping sCO2 cycle, respectively.

In parallel with the net power outputs, the thermal efficiencies for the topping, bot-

toming, and hybrid cycle are formulized as:

. Pnet,topping o Pnet,topping 2

ntopping - - - h h (5 6)

Qtop,in mco, ( 5 4)
o Pnet,bottoming . Pnet,bottoming 5927
nbottoming — = - — h h ; h h ( . )

Qbot,ml + Qbot,inQ mMmg,0 ( 17 — 16) + Mu,0 ( 10 — 17)
Pnet toppi + P, ;
,topping net,bottoming

Nhybrid = (5.28)

mco, (hs — ha) + mmo (hir — hig) + Mo (hio — haz)

In addition to the thermal efficiencies, biomass-to-electricity efficiency, 7,_;,_., can
be defined by multiplying the direct boiler efficiency, 7yoie, With the hybrid thermal

efficiency, npyprid, Or alternatively calculated using:

Pnet,hybrid - Pnet,topping + Pnet,bottoming

: (5.29)
Qinput M fuel LHVfuel

Nb—to—e =
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Note that the direct boiler efficiency (7p0:1¢) definition in Section 5.1.2 is given for

the standalone sCO2 cycle, and should be modified for the hybrid cycle as:

o, (hs — ha) + 1m0 (har — hus) + 1m0 (hio — hur)
Nboiler mfuel LHVfuel

(5.30)

Considering the trade-off between the thermal efficiency of the hybrid cycle and the
additional investment costs for the hybridization, the flow rates are selected for CO,
and the cooling water as 45 kg/s and 12 kg/s, respectively. This flow rate pair provides
the maximum possible hybrid thermal efficiency of 22.4% while keeping the power
output of the topping cycle at 2.9 MWe. The power output of the hybrid plant for the
selected flow rate pair is 17.5 MWe.

Table 5.1: Base inputs for the parametric analysis on the flow rates.

Equipment Parameter Unit Value
Compressors Isentropic efficiency 92 %
Pumps Isentropic efficiency 80 %
CO; Turbine Isentropic efficiency 92 %
Expansion ratio 2.51 -
Steam Turbine Isentropic efficiency 80 %
Recuperators Effectiveness 96 %
Cold side pressure drop 2.2 bar
Hot side pressure drop 0.3 bar
Heater Pressure drop 2.4 bar
Cooler Effectiveness 80 %
Cold side pressure drop 0.1 bar
Hot side pressure drop 0.6 bar
Splitter Part-flow ratio 0.68 -

After the flow rates are decided, the two values from the base inputs, namely the
part-flow ratio and the turbine expansion ratio for the topping cycle can be optimized.

Note that the optimum values for the part-flow and turbine expansion ratio are found
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by Utamura as 0.68 and 2.51, respectively [40].

The part-flow ratio is varied from 0.4 to 1 in even 0.02 increments while the turbine
expansion ratio is changed from 2.5 to 3.5 by the increments of 0.1. All other inputs

except for these two ratios are kept constant and equal to the values in Table 5.1.

The optimum part-flow ratio appears at 0.5 and stays steadily until 0.8 as depicted in
Figure 5.11. The design value is therefore selected as 0.7, which is consistent with

Utamura’s optimum value of 0.68.

Similarly, the turbine expansion ratio makes a peak for the hybrid thermal efficiency
at 2.6, and stays steadily until it reaches 3.4 as shown in Figure 5.12. However, this
ratio controls the pressure at the turbine exhaust directly while the temperature at the
turbine exhaust is affected indirectly. Since the state at the turbine exhaust forms a
boundary condition for the recuperation process, the heat duty and the size of the
heat exchangers, namely HTR and LTR, are affected by the pressure ratio. Assuming
that UA value (heat transfer conductance in kW/K) for these two heat exchangers
represents the size of the heat exchangers, one can observe the effect of pressure ratio
on the size of the heat exchangers in Figure 5.13. In addition to the size, the heat duty
of the recuperators are presented in Figure 5.14. Taken these two additional output
parameters (heat exchanger size and heat duty) into account, the optimum expansion
ratio is selected as 3 in order to achieve smaller LTR size, evenly distributed heat duty

among the recuperators while retaining good thermal efficiency for the hybrid cycle.
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Upon the two parameters, part-flow ratio and turbine expansion ratio, are concluded
as 0.7 and 3, respectively, the net power output of the hybrid plant increases to 17.8
MWe. The thermal efficiency of the hybrid cycle for the optimized case becomes
24.5%.

Since two working fluids (water and C'Os) are to be heated up in the same heater,
a novel boiler-heater design is necessary to finalize the hybrid power plant configu-
ration. In parallel to the work of Manente and Lazzaretto [64], HHV of the fuel is

converted into LHV using the empirical formula:

LHV = HHV(1 — w) — 2.444 w — 2.444 H — 8.936 (1 — w) (5.31)

where w and H are the mass fractions of moisture and hydrogen, respectively.

Using the as received moisture content, 7.5%, from Table 3.1, LHV of the studied OR
is calculated as 17.5 MJ/kg (wet basis).

The schematic of the heater, which is developed and modeled in EBSILON, is pre-
sented in Figure 5.15 having state numbers compatible with Figure 5.9. Note that the
proposed heater configuration in Figure 5.15 is the modified version of the radiative-
convective counter-current boiler from the work of Manente and Lazzaretto which
demonstrated the best energy conversion efficiency among the other boiler configura-

tions [64].

EbsBoiler module of EBSILON is used to calculate the flue gas composition and
combustion temperature under the complete combustion condition for the excess air
ratio (\) of 1.5. Note that the excess air for most of the biomass fuels is normally set
to 25% or above [110]. Therefore, the presumed value of 1.5 is both reasonable, and
consistent with the design value of Manente and Lazzaretto. The flue gas temperature
in biomass furnaces is generally kept below 1000 °C, and the temperature control of
the flue gas is done either by increasing the excess air ratio () (at the cost of having
lower boiler efficiency) or by the recirculation of the flue gas inside the furnace [64].
In the proposed heater configuration, the temperature of the flue gas is controlled by
the quality of the cooling water at the radiative outlet of the heater. Note that for the

proposed heater configuration in Figure 5.15 (or in 5.9), the sCO2 and the preheated
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cooling water are heated in the radiative section of the heater, then the evaporation of
the cooling water is completed using the heat from the flue gas (convective section).
The quality of the cooling water at the intermediate stage between the radiative and
convective section determines both the flue gas temperature and the distribution of the
heat transfer for radiation and convection. In other words, the design of the heater is
done such that the heat addition to the topping sCO2 cycle (between States 4 and 5)
is completely done by means of radiation in the the radiative section of the heater. In
addition, radiative section provides just enough heat transfer to the preheated water
at State 17 to bring it to a specific steam quality. This intermediate steam quality
determines the flue gas temperature and the rest of the convective heat transfer which

is ultimately used to bring the water to quality of 1 at State 10.

Convective section

Flue gas
10
) Steam out Flue gas
21 (quality: 1) i
22
}
| Water/Steam
(quality: 0.4)
22
4
sCO, in 3
Water in
sCO, out " 17 (quality: 0) Air preheater
Biom_ass 1 \_4_ Ambient
fu;(l)m 19 18 Airin

I=

Flue gas
out

Figure 5.15: Radiative-convective counter-current heater configuration.

A verification combustion model is created in EbsBoiler module of EBSILON for the
different cases in the study of Manente and Lazzaretto [64]. The verification of the

results are presented in Table 5.2 for 1 kg/s woody biomass fuel used in their work.

The combustion model in EBSILON for the studied OR and the proposed heater is
assumed to be done correctly considering the maximum absolute error of 2.3% in

Table 5.2.
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Table 5.2: Model verification results based on the model of Manente and

Lazzaretto[|64]].

Inputs Outputs
A Tair (°C) Thue gas (°C)  Mpye gas (kg S-]) Xco2 Xm0 Xn2 Xo2

Verification values

1.5 20 1405 8.225 0.1826  0.0754 0.6738  0.0682
100 1457
2.37 20 1000 12.41 0.1211  0.0499 0.7053 0.1237
2.56 100 1000 13.33 0.1127  0.0465 0.7095 0.1313
Model output
1.5 20 1407 8.273 0.1820 0.0749 0.6752 0.0679
100 1458.6
2.37 20 999.9 12.49 0.1230  0.0496 0.7065 0.1209
2.56 100 1000.7 13.41 0.1125  0.0462 0.7107 0.1306
Error: 0.1% 0.6% -0.3% -0.7%  02%  -0.4%
(Model-Verif)/Verif 0.1%
0.0% 0.6% 1.6% -0.6%  02%  -2.3%
0.1% 0.6% -0.2% -0.6%  02%  -0.5%

In their mathematical model on boiler design, Stehlik et. al. [111] state that the
boilers can be classified according to the heat-transfer mechanism either as radiative
or convective, and suggest that the combustion heat can be divided approximately
into three parts: radiation chamber (45%- 55%); convective sections (45%-25%):
and stack and other heat losses (10%-20%). A parametric analysis is conducted on
intermediate steam quality in order to observe the flue gas temperature and the heat
transfer distribution in the proposed heater design. The results are presented in Figure
5.16. Note that the effective temperature of radiation (TEF) and the heat loss in the
radiative section is assumed as 1000 °C and 5% respectively, in order to be consistent

with Manente and Lazzaretto.

The temperature of the flue gas leaving the radiative section of the heater is inversely
proportional to the intermediate steam quality as it can be observed from Figure 5.16.
The underlying theory led to this result is the radiative heat transfer to the flue gas.
The flue gas is subjected to less radiation as the radiation is used to increase the
quality of the water. As the steam quality of 0.4 is reached, the radiation, convection
and the losses account for 50.3%, 39.7%, and 10.13% and lie in the range suggested
by Stehlik et. al. [111]. The temperature of the flue gas is kept at 850.3 °C at this

quality. Therefore, the intermediate steam quality is concluded as 0.4 hereafter.
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Figure 5.16: Heat transfer distribution and the flue gas temperature after the radiative

section in the proposed heater with varying intermediate steam quality.

Mass flow rate, temperature and composition of the flue gas for the proposed model
is presented in Table 5.3 along with the adiabatic combustion temperature. The mass
flow rate of the biomass fuel (OR) in the heater is adjusted such that the tempera-
ture of the flue gas at air preheater outlet (State 23) is limited at mimimum allowable
temperature of 110 °C in order to prevent dew point [62]. The effectiveness of the
counter-current air preheater is 70%. Under these finalized conditions, the fuel con-

sumption in the heater is 2.2 kg/s.

Table 5.3: Flue gas mass flow rate, temperature and composition for the studied OR.

myer (kgs™) A Tadibatic fame °C)  Tair (°C)  Thue gas (°C)  Miye gas (kg s Xco2 Xio X2 Xo2

2.2 1.5 1581.8 180.6 850.3 21.4 0.1775  0.0623  0.6909  0.0693
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CHAPTER 6

HYBRIDIZATION RESULTS

In this chapter, energetic results and the performance parameters related to proposed

hybrid power plant configuration are discussed.

The procedure on determining the hybrid power plant parameters are described in
Chapter 5. The heater-boiler design is done such that it satisfies both the needs of the
hybrid (topping+bottoming) cycle and is parallel with the designs in literature.

The final design parameters are presented in Table 6.1 as the outcome of the opti-

mization in Chapter 5.

Table 6.1: Optimized design parameters.

Equipment Parameter Unit Value
Compressors Isentropic efficiency 92 %
Pumps Isentropic efficiency 80 %
CO; Turbine Isentropic efficiency 92 %
Expansion ratio 3 -
Steam Turbine Isentropic efficiency 80 %
Recuperators Effectiveness 96 %
Cold side pressure drop 2.2 bar
Hot side pressure drop 0.3 bar
Cooler Effectiveness 80 %
Cold side pressure drop 0.1 bar
Hot side pressure drop 0.6 bar
Splitter Part-flow ratio 0.7 -
Air-preheater Effectiveness 70 %
Heater Excess air ratio 1.5 -
Radiation losses 5 %
CO; pressure drop 2.4 bar
Water pressure drop 0.1 bar
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Intensive properties for thermodynamic states of 1-23 in Figure 5.9 are presented in

Table 6.2 for the final design parameters.

Table 6.2: Intensive properties for States 1-23 in Figure 5.9.

State Fluid Pressure (bar) Temperature (°C) Quality Enthalpy (kJ kg'l)

1 CO, 65.47 44.4 1 450.6
2 CO, 206.8 143.8 1 509.8
3 CO, 204.6 288.2 1 711.8
4 CO, 202.4 402.5 1 853.3
5 CO, 200 550 1 1035.1
6 CO, 66.67 418 1 890.2
7 CO, 66.37 293.6 1 745.0
8 CO, 66.07 167.5 1 604.8
9  Water 4.38 146.9 0.11 861.8
10  Water 4.38 146.9 1 2742.2
11 Water 4.38 146.9 0 618.9
12 Water 0.07 39 0.87 22539
13 Water 0.07 39 0 163.4
14  Water 1 39.1 0 163.5
15  Water 1 29 0 121.7
16  Water 4.58 29 0 122.1
17  Water 4.48 127.7 0 536.5
18 Air 1 20 - 20.1

19 Air 1 180.6 - 182.6
20 Fuel 1 30 - 17500
21  Flue gas 1 850.3 - 979.4
22 Flue gas 1 248 - 265.0
23  Flue gas 1 113.3 - 118.9

The energy accounting on power generation and consumption of the hybrid power
plant is supplied in Table 6.3. It should be noted that although the power output from
steam turbine is 15.4 MWe, 9.5 MWe can be attributed to geothermal (KZD-1) and
5.9 MWe can be attributed to the biomass powered bottoming cycle since turbine is

shared by these two systems.

The energetic results are also demonstrated in Figure 6.1. Only the heat additions and

net power generations are demonstrated for the sake of simplicity.
The maximum thermal efficiency of 24.5% is achieved for the hybrid cycle, while the
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Table 6.3: Energy accounting for the hybrid power plant.

Parameter Unit Value
Purbsine topping MW 6.5
PMc topping MW 1.9
PR gopping MW 1.5
P et sopping MW 3.2
P turbine pottoming MW 5.9
P compressor,bottoming MW 0.6
P retbottoming MW 5.3
Prurbine kzD-1 MW 9.5
P quillary K ZD-1 MW 0.2
Pretkzp-1 MW 9.3
Pretotal MW 17.8
Ntopping % 38.7
TMNbottoming % 16.9
Mhybrid % 24.5
Mboiler % 90
MNb-to-c % 22,
Fuel consumption kg s™ 2.2

thermal efficiency of the topping cycle and biomass-to-electricity conversion ratio are
found as 38.7% and 22%, respectively. Note that the same turbine inlet conditions
(550 °C and 200 bar) are used for the topping sCO2 cycle in the study of Manente
and Lazzaretto where the proposed heater design in this thesis is also adapted from
[64]]. Therefore, their study can be used as a reference case to compare the thermal
efficiencies of the cycles and biomass-to-electricity ratio. The biomass-to-electricity
conversion ratio in their study lies in the range of 28%-36% depending on the boiler
design and air inlet conditions, while the efficiencies of the topping RC sCO2 and the
bottoming sCO2 cycle are reported as 44.2% 28.3% as shown in Table 6.4.

Table 6.4: Comparison of efficiencies with those of Manente and Lazzaretto[64].

r]topping r]bottoming Np-to-e
Manante and Lazzaretto [64] 44.2 283  28-36%
This thesis 38.7 16.9 22

The first and the most important reason to hold lower biomass-to-electricity conver-

sion ratio in this thesis is the fixed and unalterable condition of the bottoming cycle,
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Figure 6.1: Energetic Results of Hybridized Power Plant. Note the Geothermal
Sourced Single-Flash Power Plant and the Bottoming Cycle of the Biomass Sourced

Combined-Cycle Power Plant share the same turbine.

i.e. the TIT of 146.9 °C in the steam turbine. However, in their study, Manente and
Lazzaretto are capable of selecting the optimum conditions for the bottoming cycle
freely. The TIT for the bottoming sCO2 cycle in their study, for instance, is 313.9
°C. As a result, 12.4% lower efficiency is reached in the bottoming cycle compared
to their study. Second, the thermal efficiency of the topping cycle in this thesis is
penalized due to deviation from optimum sCO2 compressor inlet condition (State 1).
As mentioned in previous sections, the compression work in sCO2 cyles is minimized
if the compression takes place in the vicinity of the critical point of the C'O, at 31.8
°C. Note that the compression inlet temperature for the topping cycle is 44.4 °C as re-
ported in Table 6.2. Accordingly, the main compression process in T-s diagram of the
topping cycle shifted slightly rightward in Figure 6.6. This deviation resulted from
the fact that the rejected heat of the topping cycle is utilized in the bottoming cycle
using the coupling heat exchanger, cooler. As the flowrate of the cooling water that is

to be preheated by the cooler is increased, the temperature of the hot side outlet of the
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cooler (State 1) is increased under a fixed effectiveness value of the cooler, penalizing
the efficiency of the topping cycle. However, this setback is not completely unfavor-
able since it allows utilization of 5 MW thermal heat in the bottoming cycle. In fact,
the scale of the topping cycle is desired to be as small as possible to minimize the in-
vestment costs. In relation to that, the allocation of the biomass sourced heat between
the topping and the bottoming cycle is done in the favor of bottoming cycle as shown
in Figure 6.2. Although this allocation is another important reason of achieving lower
conversion efficiencies compared to the work of Manente and Lazzaretto, the moti-
vation in this thesis is not reaching the best conversion efficiencies but rather using
the existing components of KZD-1 (steam turbine) to the full extent and increasing
the net power output of the hybrid plant to its rated output of 17.8 MWe. Note that
the net power output distribution in the work of Manente and Lazzaretto is 90%-10%

favoring topping cycle, while it is 62%-38% favoring bottoming cycle in this thesis.

Topping cycle M Bottoming cycle Losses Topping cycle M Bottoming cycle ™ KZD-1

a) Allocation of biomass heat between the cycles b) Distribution of net power output

Figure 6.2: Allocation of biomass heat and power distribution between the cycles.

Although no exergy analysis is performed in this thesis, Q-T profiles of heat ex-
changers are presented in Figure 6.3, 6.4, and 6.5 for the heater, recuperators, and
the cooler, respectively. Note that in the heater, adiabatic flame temperature (TAF)
is calculated as 1581.3 °C by EBSILON, and the effective temperature of radiation
(TEF) is assumed as 1000 °C.
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Figure 6.3: Q-T diagram of the radiative-convective heater with assumed
TEF=1000°C.
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Figure 6.4: Q-T diagram of the recuperators.
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For the recuperators, it is assured that no pinch problem problem exists, and the min-
imum temperature difference between two streams is kept above 5 °C with effective-
ness of 96%. Good temperature matches are observed for the recuperators and the
cooler. Although it is expected for recuperators to have good temperature match be-
tween cold and hot C'O, streams due to having the same working fluid on both sides,
the good temperature match on the cooler is suprisingly promising and stems from
the fact that water is sensibly heated through the cooler. Having a good temperature
match at the cooler posseses an extra importance since the cooler acts as a coupling
mechanism between the two cycles. As a result, it can be clearly suggested that a

good synergy between the topping sCO2 and the bottoming steam Rankine cycle is

observed.

180

160

140 CO, (Hot side)
o 120
(]
5 100
® .
i~ Min AT: 14.3 °C
g 80 Water (Cold side)
£
2 60

a0 || Counter-current flow

Effectiveness: 0.80
20 1| UA: 194 kW/K
0 T T T T
0 1000 2000 3000 4000 5000

Heat Duty kW

Figure 6.5: Q-T diagram of the coupling heat exchanger (cooler) between topping

and bottoming cycles.

Last but not least, the instrictic problem of sCO2 cycles, i.e. high temperature head
addition to the cycle, is overcome owing the utilization of convective heat transfer
from the flue gas under 402.5 °C to the bottoming cycle. Note that the heat addition
to the proposed topping sCO2 cycle takes place between States 4 and 5 in Figure 6.6.
As mentioned in previous chapter, in order to overcome this drawback, several au-
thors in the literature suggested adding a second sCO2 cycle at the tail end of the pri-

mary topping cycle, ending up two sCO2 cycles used in cascaded manner. Therefore,

89



the requirement of using additional sCO2 components (recuperators, compressors,
turbines) is eliminated in the proposed hybrid design. 90% of the biomass heat is
successfully transferred to topping and bottoming cycles. As stated by Manente and
Fortuna on their sCO2 cycle design for waste heat recovery, one of the main novelties
in the recent literature on hybrid plant layouts is the sharing of some equipment to re-
duce the number of components[112]. Considering the proposed hybrid power plant
configuration in this thesis where the existing components of KZD-1 are intended to

be utilized to the full extent, this novelty is inarguably accomplished.
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Figure 6.6: T-s diagram of the proposed toppping cycle.
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Figure 6.7: T-s diagram of the proposed bottoming cycle.
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CHAPTER 7

CONCLUSION

In this thesis, Kizildere-1 (KZD-1) Geothermal Electric Power Plant is hybridized

using a biomass driven supercritical C'O, topping cycle.

Olive residue (OR) is used as solid biomass fuel source due to being abundantly
present in Southwestern Anatolia where KZD-1 is located. The characterization of
the fuel is done for the particular OR samples collected from an olive oil factory
nearby KZD-1 site. Thermogravimetric analysis (TGA) is used to determine the ki-
netic parameters under heating rate of 20 °C/min. Two main stages are observed for
combustion, and the apparent activation energies are calculated as 32.6 and 17 kJ/mol
for the respective stages. The results on kinetic parameters are in line with other OR
results in the literature. The slagging and fouling potential for the studied OR is cal-
culated based on the indices in the literature. It is found that the formation of thick
deposits (indicated by F due to high C'aO concentration) might not be removed due
to low viscosity of slag (indicated by Sy due to high K>0O concentration). Therefore,
the blends of studied OR with other fuels and inorganic materials [113] or co-firing

can be used to decrease this potential [[114,[115].

It is aimed to increase the net power output of the hybrid plant to rated output of
KZD-1 GEPP (17.8 MWe) while keeping the hybrid cycle thermal efficiency, and the
topping cycle as high and as small as possible, respectively. Overall, hybrid cycle
thermal efficiency and biomass-to-electricity-ratio of 24.5% and 22% are achieved,
respectively. The net power output of the hybrid power plant is increased to 17.8 MWe
while the net production of the topping cycle is kept at 3.2 MWe. Corresponding fuel
consumption for the hybrid plant is found as 2.2 kg/s.
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Two instrictic problem of sCO2 cycles, namely pinch-point and high temperature
head addition, are overcome by means of hybridization. No pinch-point problem is
observed in the cooler of topping sCO2 cycle. There are two reasons for this improve-
ment. First, since the flow is split as required by the recompression sCO2 cycle, the
heat duty on the cooler is lightened, making it less susceptible to pinch-point prob-
lem. Second, the main compression process for the topping cycle slightly deviated
from optimum conditions (shifted towards right on the T-s diagram in Figure 6.6) due
to the heat exchange between two cycles. Note that the thermophysical properties of
C O, exhibits unique properties at the vicinity of its critical point (Figure 2.6). Al-
though the cycle efficiency is penalized, deviation from the critical point of C'Os is
another reason for not encountering a pinch-point problem in the cooler where 14.3
°C minimum temperature difference is ensured. The heat addition to sCO2 cycle is
done between 402.5 and 550 °C. Proposed hybrid model allows utilizing the heat in
the flue gas under 402.5 °C in the bottoming cycle. Therefore the requirement of

adding another sCO2 cycle at the tail end of the topping sCO2 cycle is eliminated.

7.1 Economical and Environmental Impacts

Based upon the discussions with geothermal power plant investors in Turkey it is
found out that the changing the wellhead and operating conditions at any geothermal
site is strictly abstained. Therefore, the proposed hybrid plant is done so that existing
wellhead and operating conditions of KZD-1 is not changed. Only the steam flow rate
feeding the KZD-1 turbine, which is normally working under capacity, is increased by
means of biomass combustion. In this sense, hybridization of KZD-1 becomes plug-
and-play concept. In order to address flexibility, the proposed working fluid rates
for topping and bottoming cycle (45 kg/s and 12 kg/s) can represent the maximum
demand in electricity. Depending on the demand or price of electricity (since KZD-
1 is selling electricity to open market) these flow rates can be adjusted so that the
intensive properties presented in Table 6.2 remains constant. Under the transient
load with varying extensive properties, the fluctuations are confined to the hybrid
(topping+bottoming) cycle so that the operating conditions of KZD-1 is not affected.
KZD-1 continues to operate at 9.3 MWe (hypothetical) and 1.3 MWe (real).
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The electricity prices generally vary throughout the day as it can be seen from the
realtime market price curve of MWh electricity in Turkey for the day April 30th,
2020 in Figure 7.1. This price fluctuation is caused by several factors such as the
variations in electrity production by solar photovoltaic and wind, weather conditions,
and demand. Apart from the daily fluctuations, the geothermal electricity production
has a fundamental problem of efficiency drop in hot summer months. For instance,
the average weather temperature increases 21.8 °C from winter to summer (July avg:
27.9 °C, January avg: 6.1 °C) for city of Denizli where KZD-1 is located [[116]. This
weather temperature dictates the condensation (minimum) temperature, thereby de-
creases the thermal efficiency of geothermal power plants significantly. Ultimately,
Turkey’s nominal geothermal electricity production decreases almost 20% from win-
ter to summer [117]]. If the proposed hybrid plant can respond the seasonal and daily
fluctuations by means of increase in its flexibility, additional profit can be made by
the power plant investors. In fact, it is also the main motivation of H2020 project
GeoSmart, and the integration of sCO2 cycle in this thesis supports this flexibility

potential.

PN .

299,56
TL/MWh

Market Clearing Price

42,87
USD/MWh |

B—0—0—0- . A A " : 39,48 i
p—g’ 0 EUR/MWh =0

ooor T T T
30042020 . _ S 2o |

Figure 7.1: Electricity Market Price in Turkey for MWh electricity on April 30th,
2020. The image is adapted from Transparency Platform EPIAS [117].

This study does not include a quantitive economic or LCoE analysis since there are
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uncertainties related to non-commercial sCO2 cycles. However, the topping sCO2
cycle is kept relatively small, i.e. 3.2 MWe, and almost 70% of the biomass heat is
utilized in bottoming cycle (Figure 6.2) using the existing components of KZD-1 to

avoid potential investment costs.

Olive residue is used as a fuel source, which is abundantly found in Southwestern
Anatolia. Although olive residue cannot be considered as waste since it is already
used for domestic heating and has an economic value, it is still more economic and
environmentally friendly compared to Turkish lignites and import coal. As an adverse
impact, high slagging and fouling potential is predicted for the studied olive residue
based on the indices in the literature. However, the ash content of the OR is low
(1.9%) especially compared to ash content of Turkish lignites, e.g. Soma lignite
13%, Tuncgbilek lignite 14% [118]. This indicates that the maintanence to remove
slagging and fouling can be done less frequently compared to industrial boilers using
Turkish lignites as the fuel. Moreover, the ash from the olive residue can further
be utilized as additive for agriculture or reconditioning of the soil. Considering that
Biiylik Menderes Plain is one of the biggest agricultural site of Turkey, zero waste

management can be achieved with a sustainable manner.

7.2 Challenges and Future Work

Although sCO2 cycles offer great potential for flexible electricity generation, they
are next generation power cycles and require advanced turbomachinery components.
For instance, the isentropic efficiency for the modeled sCO2 turbine and compressors
used in thesis are 92%, whereas 96% effectiveness are assumed for the recuperators.
Despite the existance of bench scale demonstrations with advanced turbomachinery
components [41} 42} 43| 144], there has not been a full-scale sCO2 cycle power block
over 1 MWe as of 2020. The first commercial demonstrations are expected by 2022
[39]. Apart from the challenges in turbomachinery to build commercial sCO2 cycles,
there might be challenges related to the design of the novel heater proposed in this
thesis. Although, the UA values are specified in Figure 6.3 regarding the radiative and
convective sections of the boiler, the challenges to build a heater capable of supplying

predetermined radiative and convective sections for two different types of working
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fluids (water and C'O) with the presence of phase change (water/steam) are not taken

into account.

Some concluding remarks has to be made regarding the the hybridization of KZD-1
with biomass driven sCO2 cycle. In this thesis, olive residue used as a fuel source
to power the sCO2 cycle and provide additional steam for the bottoming cycle due
to its abundancy nearby KZD-1 geothermal site. However, it should be noted that
the proposed hybrid power plant model and fuel selection are completely discrete
phenomena. More clearly, the hybridization results can be adapted by a different
single flash GEPP in Philippines using a rice husk as the fuel source. The calorific
value and the composition of the fuel are the only concepts that are taken into account
during the design of the hybrid plant. The rest of the biomass characterization results
in this thesis are presented to supply preliminary findings regarding the potential of
using local biomass fuel source of olive residue in Western Anatolia. Lastly, some
geochemical features of KZD-1 site are completely ignored throughout this thesis.
For example, the geothermal brine in KZD-1 site is so rich in terms of C'O, that
substantial compressor power (2 MWe) is used to extract the C'Os after the seperator.
Considering the real net power output of the KZD-1, i.e. 3.3 MWe due to 28% turbine

isentropic efficiency, the real electricity production is as low as 1.3 MWe.

In conclusion, the efforts on hybridization of geothermal with biomass driven sCO2
cycle in this thesis represent the steady state case for maximum power output condi-
tions of the hybrid plant with presented energetic results only, and lacks a vital exergy
analysis. As a future work, exergy and economic analysis with varying load condi-
tions can be done as further improvement. Nonetheless, it is believed that studies
such as this thesis can form the initial block for the future scenarios that combines

sCO2 cycles with their potentially biggest commercial rival, steam Rankine cycles.
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