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YrneuBuvn dnAwan yia AoyokAomn kot yia KAorr mVEUUATIKIC LOLOKTNOlaG:

‘Exw SlafAosl Kol KATOVONOEL TOUG KAVOVEG yla T AOYOKAOTH KOl TOV TPOMO CGWOTHG
avadopag TWV YWV IOV TIEPLEXOVTAL 0TOV 08NnY0 cuyypadng AtmAwpatikwy Epyaciwv.
AnAwvw OtL, and 6ca yvwpeilw, To MEPLEXOUEVO TNG apovoag AMAwpatiknG Epyaociog
elvatl mpoiov S1KAG pou epyaciag Kot umdpxouv avadopég oe OAEG TG MNYEG TOU
Xpnowuonoinoa.

OL anoYPeLg Kol T CUMIEPACHOTO TIOU TIEPLEXOVTOL CE OUTH T AUTAWMATIKA Epyaoia
€lval Touv ouyypadEéa Kot dev MPEMEL va EPUNVEVOEL OTL AVTLTPOCWNEVOUV TIG EMICNIUES
0€os1g TNG ZXO0ANG MnxavoAdywv Mnxavikwv | Tou EBvikou MetodBlou MoAuteyxveiou.

ZtavpoUAa Mneyvi

February 1, 2024



Diploma Thesis — Stavroula Begni

Euxaplotieg

@tavovtag oto TEAOG TNG AUTAWUATIKAG LOU gpyaoiag KaL eV YEVN TNG akadNUAiKNG Loy Mopeiag wg
niportuxlakn dottnpla, Ba nBeAa vo eUXAPLOTHOW TOUC avBpwWIoUG mov Tav SUTAd LoU GE QUTO TO
TaéidL.

Apxikd, Ba nBeha va euxaplotnow Tov UmelBuvo KaBnynt TG AUTAWHATIKAG epyaciag,
Kwvotavtivo Mmpaipdkn, ylo Thv EUNLOTOCUVN TIOU PoU €8€l€e, TNV APLOTN cuvepyaoia Kal Thv
Aapeon kabodnynon o 6An TN mopeia TNG AUTAWUATIKAC LOU €pyaoiag.

Oa nBeha eniong va evyaplotrow toug Ludwig Irrgang kal Christopher Schifflechner amno to Texviko
Navemiotuio tou povayxou (Technical University of Munich-TUM) ywo T ouvepyacia kot tn
kaBobnynon og {nTAUATA TNG LOVTEAOTIOLNONG TOU CUCTILATOG OTO MAXLCLO TG Epyaoiag.

Oa nbeha eniong vo eVXAPLOTAOW TOUG YOVEIC Hou Kal ta adépdla pou EAEvn kal MNavvn yla tThv

othpLEn Kot TNV ¢ppovtida OAa Ta xpovia Twv oTioudwy Hou.
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NepiAnyn

Jtnv mapoloa WUEAETN TAPOUCLATETAL IO TEXVO-OLKOVOMLKN afloAdynon tng emibpoong twv
0gPOPUKTWY CUUTIUKVWTWY HE MTEPUYLO OTA cUOTHUATA opyavikoU kKUkKAou Rankine. H mapouoa
SUMAWUOATIK €pyaocia OTOXeUEL OTNV OVATMTUEN EVOC EVOTOLNUEVOU HOVTEAOU yla TV
S1a0TacLloAOYNGoN eVOG agPOPUKTOU CUUIUKVWTH, EVOWHATWHEVOU ot cuothpata ORC, kal otn
Sle€aywyn ULaG MOPAUETPLKN G EPEUVOC OTIC BAOLKEC BEPUOSUVALKEG KOL OLKOVOULKES TIAPAUETPOUC
TOU GUOTHOTOG.

Ma tn StaotacloAdynon tou aspoPuktou cupnukvwtr (ACC), £xel avamntuxbel éva oAokAnpwpévo
pHovTélo og kwdika Matlab omou evowpatwOnke og éva umtapyxov povtého ORC. Ma tn Ste€aywyn
NG TOPAUETPIKAG €PEUVAG, N AVAAUCH ETLKEVIPWVETAL OE TEOOEPLC KUPLEG HETABANTEG: SUo
petaPfAntéc oxeblaopou ORC (tnv ehdylotn Bepuokpaotakrn Stadopd aépa-epyalOUEVOU PEUCTOU
Kotd tn oUUmUKkvwaon (PPyec) Kat tnv avénon tng Beppokpaciag tou aépa otov ACC (AT,;;)) kot
800 yewpeTpkég petaBAnteg ACC (tov aplBpog twy mdowv kdbe cwhriva (Ny,) Kot To HAKOG Tou
owAnva tou ACC (L;)). Eva mAnBog mapapetpwy Stepeuvwvtal LETABAAAOVTAG AUTES TLG LETABANTEG
oxedlaopovu, oupneplapBavopévne TG amattovpevng petadopdg Bepupodtntag ACC, g
Katavalwong woxvog Tou aveplotipa tou ACC, tng kabapng oxvog e€6dou ORC kal Tou elSlKkoU
KOOTOUG.

To AmOTEAECUATA TNE TTAPAUETPLKNG AVAAUGNC UTIOYPOUUI{OUV TNV AVAYKN YLO OVTLOTABOLON LETAEY
™G erudavelag petadopdg Bepuodtnrog tou ACC, Tng KoTavaAwong Loxvog tou aveptotipa ACC Kat
NG NAEKTPLKNAG anodoong tou ORC. MeTafl Twv MAPAPETPWY TIOU EEETAOTNKAV, LEAETHONKE EKTEVWCG
10 £161kd KOoToC ava kW mapayopevng oxvog tou ACC to omoio cuvSudlel Tooo Beppoduvaptkolg
000 KOlL OLKOVOULKOUC TIOPAYOVTEG oTtnv avaluohn. Méoa amd tnv avdaluon npogkuPe wg BEATIOTO
onuelo oxediaopol PPycc = 14K, ATy = 30K, Ly = 10m kat Ny = 6. ue Cyecp = 1459 USD/

kWe, éva oxetikd unAd KOGTOC 0 GUYKPLON HE TO KOOTOC emévduong cuotnuatwy ORC.
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In the present study, a techno-economical assessment of the impact of finned air-cooled condensers
in the Organic Rankine systems is presented. The thesis aims to develop a unified sizing model of the
air-cooled condenser, integrated into ORC systems, and conduct a parametric investigation in the
key thermodynamic and economic parameters of the system.

For the sizing model of the air-cooled condenser (ACC), a comprehensive model has been developed
in Matlab code where it was combined with an existing ORC model. To conduct the parametric
investigation, the analysis focuses on four primary variables: two ORC design variables (the
condenser pinch point and air temperature rise in the ACC) and two ACC geometric variables (the
number of tube passes and the length of the ACC tubes). Various parameters are investigated by
varying these design variables, including ACC heat transfer area, ACC fan power consumption and,
ORC net power output.

The results of the parametric investigation highlight the trade-off between the ACC heat transfer
area, the ACC fan power consumption, and the electrical efficiency of the ORC. Among the
parameters examined, the specific cost of the air-cooled condenser was introduced to combine both
the thermodynamic and economic factors in the analysis. Through the analysis, it emerged as an
optimal design point of PPjcc = 14K, ATy, = 3,L; = 10m,and Ny, = 6. with a Cpecsp =
1459 USD /kW e, a relatively high cost compared to ORC investment costs.
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a heat transfer coefficient (kW/mZ3K)
difference -

n efficiency -
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1. Introduction

1.1 Organic Rankine Cycle (ORC)

The history of ORC dates back to the 19th century and extends to the modern era. H. E. Willsie

constructed the first two solar ORC systems, with capacities of 4.5 kW and 11 kW, using sulfur dioxide
as the working fluid in 1904. Subsequently, in 1940, Luigi D’Amelio designed a geothermal ORC
system using ethylene as the working fluid. The unit operated until 1950. Regarding commercial ORC
installations, companies such as Ormat and Turboden lead the industry, providing solutions for waste
heat recovery (WHR) in various industrial applications (oil and gas, biomass, cement, glass processing
industries, etc.). Ormat has installed more than 3,000 units ranging from 4 kW and more than 500
units from 1 to 25 MW [1]. The first commercial ORC systems, utilizing solar and geothermal energy
sources, emerged between the 1970s and 1980s. A large number of ORC installations have been
deployed in countries such as the United States, Canada, Italy, and Germany, although applications
have been observed in countries such as Finland, Belgium, Swaziland, Austria, Russia, Romania, India,
and Morocco [2].

ORC shares the same operating principles as the conventional Steam Rankine Cycle (SRC)
implemented in steam turbine power plants. It is a power generation cycle that is typically
implemented for the conversion of thermal energy to power at low temperatures (<300°C) and/or
power capacities from few kW to tens of MW [3]. In Figure 1.1 a 200 kW ORC system for wasted heat

recovery is depicted as well as in Figure 1.2 a 5 MWe Geothermal ORC plant in Germany.

Figure 1.1: 200 kW ORC system for waste heat recovery [4]
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Figure 1.2: 5.6 MWe Geothermal ORC plant in Germany [5]

As the name implies, the main feature of the ORC is the use of organic substances (such as alkanes,

hydrofluorocarbons, hydrofluoroolefins, and siloxanes) as working fluids instead of water-steam [6]

[7]. Furthermore, organic fluids allow the use of only one heat exchanger since their vaporization

does not occur gradually (preheating-evaporation-superheating) as with water, but through a single

process. [8].

In Figure 1.3 an ORC conceptual design with subcooler and recuperator is displayed

Heat source

expander

evaporator

y 3

recuperator

7

pump

2 subcooler

a

condenser

* cooling water

<

<«

cooling water

Figure 1.3 Organic Rankine Cycle (ORC) conceptual layout with sub-cooler and recuperator
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The saturated liquid organic working fluid (refrigerant) exits the condenser and is subcooled (1-2)
and pressurized in a pump (2-3), and subsequently heated up by the heat source in a heat exchanger
(evaporator) turning into saturated or superheated vapor (4-5). The pressurized hot vapor exiting
the evaporator is then driven to an expander and expands to produce mechanical power (5-6), which
is then converted to electricity through a generator. The working fluid leaving the expander can then
be used for preheating the liquid refrigerant leaving the pump (6-7 and 3-4) through an internal heat
exchanger (recuperator). Eventually, it is driven to the condenser, where it is cooled down by a
cooling fluid and condensed (7-1), before recirculating into the pump to repeat the processes. It has
to be noted that the liquid refrigerant subcooler in the ORC does not constitute a fundamental
process of the thermodynamic cycle neither the recuperator. However, subcooling is necessary as a
measure to prevent cavitation from occurring in the refrigerant pump by providing enough net
positive suction head (NPSH), a common issue in similar micro-scale ORC prototype. Recuperators
contribute to the increase of the efficiency of the ORC. In Figure 1.4 the simplest conceptual layout

of the ORC system is presented along with the T-S diagram.

Heat source

Temperature

Heat
source

Heat sink

Pump

Entropy
(@) (b)
Figure 1.4: (a) ORC simplest conceptual layout, (b) T-S diagram for ORC cycle [9]

The efficiency of the organic Rankine cycle is relatively low, mainly due to the low operating
temperatures. For this reason, various arrangements have been proposed to increase the cycle's
efficiency, with the addition of a recuperator being the most prominent as mentioned. The
recuperator’s influence heavily relies on the heat source that is available and with its use final
thermal efficiencies over 20% can be achieved [10]. The recuperator operates as a heat exchanger
between the steam flow exiting the expander and the cooler flow of the working fluid before it enters
the evaporator. Through this process, a reduction in the heat supplied to the cycle is achieved, thus
increasing its efficiency. This arrangement is typically applied in cases where the working fluid has a
positive slope on the saturation curve (dry fluids) and there is a greater margin for heat recovery [11-

15]. Other arrangements proposed to increase the efficiency of the organic Rankine cycle include
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regenerative preheating, supercritical cycles, multistage expansion, and the use of zeotropic
mixtures as working fluids [6].

The key design boundary conditions of ORCs are the heat source stream (exhaust gas, heat transfer
fluid, hot water, etc.) composition, mass flow rate, and temperature profile, which typically constrain
and guide the selection of the maximum cycle temperature/pressure, as well as the cooling fluid type
and available temperature (heat sink), which poses a lower bound on the minimum cycle
temperature/pressure. Typically, the higher the difference between the maximum and lower
temperature/pressure, the higher the thermal efficiency (electrical power output per unit of thermal

input) of the cycle.

1.1.1 Thermal Sources
ORC’s significant advantage is the flexibility it displays in terms of utilizing various heat sources on a

wide temperature range [16]. These heat sources can be categorized into several distinct types, each

offering unique advantages and challenges:

Waste heat recovery (WHR) via the Organic Rankine Cycle (ORC) is one of the most promising
solutions to improve the overall efficiency of thermal processes and reduce fossil fuel consumption
and associated greenhouse gas (GHG) emissions through the generation of electric power in
industrial and transportation sectors [17-19]. It has been noted that over 50% of industrial waste
heat is categorized as “low temperature” (meaning less than 230°C) [20]. For this reason, the ORC
can be a viable and extremely useful technology as its main advantage lies in the utilization of low
and medium-temperature heat. In waste heat recovery applications, the heat source typically
consists of exhaust gas from engines or industrial processes. Efficient integration of waste heat
recovery ORCs (WHR-ORCs) into heat sources that exhibit temporal variability regarding their
temperature levels and mass flow rate is critical for maximizing electricity generation and energy
savings, however, it requires accurate prediction of their performance under diverse operating

conditions.
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Figure 1.5: Wate heat recovery ORC system (WHR-ORCs) [21]

Solar Thermal Energy: Solar energy, abundant and renewable, presents a viable heat source for ORC
systems, particularly in regions with ample sunlight. Concentrated solar power (CSP) systems

concentrate solar radiation to produce high-temperature heat, which can be utilized by ORC systems
to generate electricity [10].
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Figure 1.6: Integration of solar power system with ORC [22]
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Geothermal Heat: Geothermal reservoirs, located beneath the Earth's surface, contain vast
reservoirs of heat energy. ORC systems can tap into these geothermal resources, extracting heat
from hot water or steam to drive power generation turbines. This application is particularly prevalent

in areas with geothermal activity, such as geysers and hot springs [8].

Biomass Combustion: Biomass, derived from organic materials such as agricultural residues, forestry
waste, and dedicated energy crops, can be combusted to produce heat for ORC systems. Biomass
combustion not only provides a renewable heat source but also offers opportunities for waste

management and carbon mitigation [8].

The utilization of diverse heat sources underscores the versatility and applicability of ORC systems.
By harnessing low-grade heat from industrial processes, solar radiation, geothermal reservoirs,
biomass combustion, and exhaust gases, ORC systems offer a compelling solution for sustainable

power generation.

1.1.2 Working fluids

One other important aspect of the ORC systems is the selection of the working fluid. Fluids are most
commonly categorized according to the saturation curve of their T-s diagram. A typical T-s diagram

including all 3 types is presented below (Figure 1.7).
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Figure 1.7: T-s diagrams for fluid types

Fluids that display a positive vapor curve are referred to as dry, fluids with a nearly vertical curve are
called isentropic and lastly, fluids with a negative vapor curve are described as wet. Water belongs

in the last category, which mostly includes fluids of low molecular mass, while the highest is present
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in dry fluids [7]. Wet fluids that operate at high pressures without being superheated lead to an
increase in the percentage of the liquid state at the turbine’s last stages. When the mixture contains
a large percentage of liquid, the blades are greatly endangered by erosion and mechanical wear [23].
Hence, the practice of using a wet fluid without superheating is not recommended.

Most organic fluids demonstrate negative environmental effects and therefore two main indexes
have been introduced that quantify their impact. The first one is called ODP (Ozone Depletion
Potential) and is related to the destruction of the Ozone’s layer and the second one is called GWP
(Global Warming Potential) and is related to the atmosphere’s temperature increase, due to their
use. According to the Montreal Protocol that was signed in 1987, fluids that displayed high ODP
values would not be permitted for use and thus, their replacement was deemed mandatory [24].
Besides their impact on the environment, organic fluids often present dangers for humans and the
plant’s overall safety, due to their toxicity, flammability, and corrosivity. Toxic fluids must be avoided

because they are harmful to the plant’s personnel when leakage occurs [11, 25, 26].

1.1.3 Condenser
In an ORC system, the condenser can be either water-cooled or air-cooled. Water-cooled condensers

operate at lower temperatures of the cooling medium (approximately 22°C at an ambient
temperature of 15°C - ISO conditions), while air-cooled condensers usually operate at higher
temperatures of the cooling medium (approximately 35°C at an ambient temperature of 15°C) [11,
25, 26]. This results in water-cooled condensers being able to achieve higher cycle efficiency.
However, they require a secondary circuit for the cooling water, which includes a pump and a cooling
tower. The energy demand of the pump and the fans of the cooling tower is much higher than that
of the fans of air-cooled condensers [27].

Air-cooled condensers are the primary choice for small systems but are also common for some large
systems. This is mainly due to the limited availability of cooling water [28]. Water, if available, is a
superior coolant and offers significant advantages in heat transfer characteristics, design flexibility,

and opportunities for low-cost installation [29].
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1.2 Air-cooled Condenser (ACC)

In this thesis an air-cooled condenser (ACC) will be used in the ORC system therefore in this section,

further details on the characteristics of ACC will be presented.

Air-cooled condensers are integral components of thermal systems used for heat rejection in various
industrial and commercial applications. One of the primary components of an air-cooled condenser
is the finned tube bundle. The bundle consists of numerous finned tubes arranged in a configuration
to maximize the heat transfer surface area [30]. The fins on these tubes serve to increase the heat
transfer coefficient between the refrigerant inside the tubes and the ambient air flowing over the
external surface [31]. In Figure 1.8 and Figure 1.9, both schematic and actual excamples of different

forms of finned tubes are presented.

SEnu=n=1@) &--——-——-9@ B

(a) Helical Annular (c) Helical segmented

G raviRE @2

Studded (e) Wire loop () Helical slotted

Figure 1.8: Forms of individually finned tubes. (a) Helical, (b) annular, (c) helical segmented, (d)
studded, (e) wire loop, and (f) helical slotted.

Figure 1.9: Finned tube heat exchanger examples
Air-cooled condensers can have 1,, 2, 3 or multiple configurations as presented in Figure 1.10. with

each pass representing a path through which the refrigerant flows. In single-passe pass configuration,

the refrigerant flows through the condenser tubes once before exiting, whereas in multi-pass
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configurations, the refrigerant circulates through the condenser tubes multiple times to enhance
heat transfer efficiency. The choice of the number of tube passes in an air-cooled condenser design
is influenced by factors such as desired heat transfer performance, space limitations, and cost

considerations.

N >E\§

Single-Pass Two-Pass Three-Pass Multi-Pass

Figure 1.10: Types of passes [32]
Tube pitch is the distance from the center of 2 adjacent tubes. In air-cooled condensers various types
of tube pitch can be found as displayed in Figure 1.11, influencing factors such as heat transfer

performance, air-side pressure drop, and overall system efficiency [33].

e O_
S 0O

Triangular Pitch (30°) Rotated Triangular Pitch (60°)
Square Pitch (90°) Rotated Square Pitch (45°)

Figure 1.11: Various Types of Tube pitch
In addition to the finned tube bundle, air-cooled condensers feature axial fans or centrifugal blowers
for inducing airflow across the finned surface. These fans draw ambient air into the condenser, where
it absorbs heat from the refrigerant vapor, thereby facilitating the condensation process [34]. The
design and configuration of these fans are crucial for ensuring adequate airflow and optimal heat

transfer performance.
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Air-cooled condensers are available in various configurations as displayed in Figure 1.12. In horizontal
forced draft condensers (a), fans are positioned to force air over the finned tube bundle, while
induced draft condensers, either horizontal (b) or vertical (c), utilize fans positioned to draw air
through the bundle [35]. Both designs have their advantages and are selected based on factors such
as space constraints, airflow requirements, and system efficiency. In Figure 1.12 the A-frame type (d)

is also introduced where 2 tube bundles are placed angled with a forced draft fan.

-
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Figure 1.12: Orientation of ACC tube bundle—(a) horizontal, forced draft, (b) horizontal, induced
draft, (c) vertical, and (d) A-frame [36]

Variations in tube bundle configurations are observed across various applications, with one common
configuration being V-type air-cooled condensers (ACCs). In V-type ACCs, the tube bundles are
arranged in a V-shaped configuration, contrasting with A-type ACCs where the tubes are aligned in
the opposite direction. This configuration allows for efficient heat transfer and airflow distribution,
particularly in industrial settings where space constraints and airflow optimization are critical

considerations [33]. (Figure1.13)
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AHot airout

Figurel.13 : V-type air-cooled condenser [32]

Furthermore, air-cooled condensers may incorporate additional features such as louvers or dampers
to control airflow and optimize heat transfer under varying operating conditions. Louvers are
adjustable vanes located at the air inlet or outlet of the condenser, allowing for regulation of airflow
rates and direction, while dampers enable modulation of air volume to maintain optimal system
performance [37]. In Figure 1.14 and Figure 1.15, both small and large-scale air-cooled condenser

(ACC) units are depicted, showcasing the diversity in size and capacity within the ACC technology.

Figure 1.14: V-type ACC unit (left) and vertical ACC unit [38]
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e i

Figure 1.15 :6 MWe ORC installation withe the air-cooled condenser in Germany [39]

The performance of air-cooled condensers is influenced by factors such as ambient temperature,
humidity, and air velocity [40]. Proper sizing and selection of condenser components, including fan
size, tube geometry, and fin density, are critical for achieving the desired heat rejection capacity

while minimizing energy consumption and operational costs.
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1.3 Aim of the thesis

This thesis aims to comprehensively investigate the trade-offs inherent in the design and operation
of Organic Rankine Cycle (ORC) systems, with a specific focus on the sizing of horizontal finned tube
air-cooled condensers (ACCs). The primary objective is to develop a unified methodology for
systematically exploring the relationship between ORC efficiency, ACC cost, and ACC fan power
consumption, providing valuable insights into optimal design configurations.

To achieve this objective, the research will involve the development and integration of a
comprehensive sizing model for horizontal finned tube ACCs within an existing ORC framework. The
model will be utilized to conduct a parametric investigation focusing on four primary variables: two
ORC design variables (the condenser pinch point and air temperature rise in the ACC) and two ACC
geometric variables (the number of tube passes and length of the ACC tubes). By varying these design
variables, various parameters will be investigated including ACC heat transfer area, ACC fan power
consumption, ORC net power output, ACC specific cost.

Through this investigation, the study seeks to provide valuable insights into the techno-economic
implications of ACC sizing in ORC systems. By examining how design variables interact with system
performance indicators, the research aims to offer guidance to decision-makers, assisting in the
creation of ORC system designs that are both efficient and cost-effective for a range of applications.
In summary, this structured investigation aims to advance understanding of the techno-economic
implications of ACC sizing in ORC systems, contributing to the development of sustainable energy

solutions.
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In this chapter, the modelling approach is described. The chapter is divided into three sections. In
the first section, the ACC model is described in detail. In the second section, the ORC design model
is described. In the third section, the integration of the ACC and ORC models is described. All models
are developed in Matlab [41], while the thermophysical properties of all substances (working fluid,

heat source, air) are calculated with REFPROP [42].

2.1 Air-cooled condenser modelling

In this chapter, a detailed methodology of the ACC modelling is presented. Figure 2.1 depicts the
inputs and outputs of the model. There are two sets of inputs to the ACC model. The first set of inputs
includes thermodynamic parameters: the ambient air pressure (pg;-) and temperature (Ty;rin), the
desired air temperature rise in the ACC (4T;,), as well as the working fluid mass flow rate (1, ¢),
inlet temperature (T,,r,) and desired desuperheating temperature difference of working fluid
(4T, f,4s)- The second set of inputs includes geometric parameters of the ACC: these are the tube
internal (d;) and external diameter (d,), the fin diameter (dy), spacing (L¢) and thickness (tr), the
tube length per pass (L), the tube pitch (L), the number of tube passes in the direction of flow
(N,) and the number of tube passes (Nip).

The outputs of the model include certain geometric parameters of the ACC, namely the number of
tubes in the direction that is perpendicular to the airflow (N,.), the width of the ACC (W;,;), the total
required external heat transfer surface of the ACC (A4¢c), the face area of the ACC (Afqc.), the air-
side pressure drop (4P,;,), the ACC cost (C4¢¢) and the electrical power consumption of the ACC fan
(Pe,acc,ran)- A detailed description of the definitions of all these parameters is included in the

following sections.

ACC geometry inputs
di,do,dyg, Lg,ty, Ly, Ly, Ny, Ny

Thermodynamic inputs : Outputs

Pair Tuir‘iu: ATuir N.r: Wlul: AAC(:'A/'urw (“AL‘C'APuir' Pe./lL’(,‘.[an

fer[, Tw/',iu: ATW/'.:IPS

Figure 2.1: Inputs and outputs of the ACC model
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2.1.1 Thermodynamic properties and energy balance
In the condenser, a heat exchange is happening between the air and the working fluid. In Figure 2.2

a diagram is presented to understand the phases of the condensation. The working fluid enters the
ACC as superheated vapor (wf,in) and leaves it (wf,out) as saturated liquid (wf,sat). The
desuperheating section covers the working fluid from the inlet state (wf, in) through the saturated
vapor phase (wf, des, out). The condensation section covers the working fluid from saturated vapor
to saturated liquid at the outlet of the ACC (wf, out). The air enters the condenser at a lower
temperature (air,in) and it is heated by the working fluid to a higher temperature (air, out),
undergoing a temperature rise equal to AT,;, At the point where the working fluid is a saturated

vapor, the pinch point of the 2 streams (PP ) is located.

T

wa.in """""""""""""""""""""""""""""""""""""" :

working fluid
wa,out = wa,g

Tair,out

Tair,pp

Tair Jin

(wf,des,out)

Figure 2.2: Temperature diagram of working fluid and air

The ACC modelling approach is based on partitioning the overall processes into a desuperheating
and a condensation section. For each section, the average values of the thermophysical properties
of the air and working fluid are used in all calculations. The energy balance equations in the
desuperheating and condensation sections of the ACC, as well as in the overall heat exchanger are

the following:

Qdes = mwf ' (hwf,in - hwf,des,out) = mair ' (hair,out - hair,PP) 21
Qcond = mwf ' (hwf,ds,out - hwf,out) = mair ' (hair,PP - hair,in) 2.2
QACC = mwf ) (hwf,out - hwf,in) = mair ' (hair,out - hair,in) 2.3
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According to the developed ACC model, the inlet and outlet states and mass flow rates of the working

fluid and air streams are known. By calculating the properties of the saturated vapor state of the

refrigerant and solving Eq.1 or Eq.2, the thermophysical properties of the air at the pinch point

(desuperheater outlet, condenser inlet) can be determined (air, PP).

2.1.2 ACC heat transfer area calculation based on geometry parameters

The ACC is modelled as a tube bank consisting of 60° staggered tubes, as shown in Figure 2.3. The

working fluid is assumed to flow inside the tubes, while the cooling (ambient) air flows upwards

through the space betwee

n them.

Y a

T

I

T

T

Air

Figure 2.3. Staggered tube bank flow configuration
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By definition, the total number of the tubes (N;) is equal to the product of the number of tubes in
the x direction (N,) and tubes in the y direction (in the direction of the flow) (N, ):

N;=N,N, 24
The tubes are characterized by their internal (d;) and external diameters (d,), while the distance
between their centrelines is defined as the tube pitch (L,). An additional key geometric parameter
is the length of the tubes (L;).

As shown in Figure 2.4, the projected distance between the centrelines of two successive tubes in

the x direction is calculated from the following equation:

L2 3L,%2 3L
Lp,x:\/l‘pz_p:\/ p__ p

2.5

4 4 2

Figure 2.4. Projected distance between the centrelines of two successive tubes in x direction
(60° staggered tubes)

Based on the number of tubes in the x direction, the total width of the ACC (W,,;) is calculated:

V3L, . V3L, 2.6
_— ~ X —

Wtot = (Nx - 1)Lp,x = (Nx - 1) 2 2

Therefore, the face area of the ACC, that is its projected area on the ground, is calculated from the

following equation:

Aface = Wiotle = Ny @ t= %\/gzllp L, i
y
The total inner surface of all ACC tubes is calculated from the tube internal diameter, tube length,
and number of tubes:
A;j=m-d; L;-N; 2.8
The tubes of the ACC are finned. The fins are characterized by the fin spacing (i.e. the distance

between two successive fins (L¢)), tube thickness (tf), and fin diameter (ds). The number of fins in
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L,

Il<—>

ty Ly

v

Figure 2.5. Number of fins

Ultimately, it is calculated by the following formulas:

L+ Ly 2.11
f =
Lf + tf

The total outer surface of all ACC tubes (4,) is calculated as the product of the outer surface of a
single tube multiplied by the total number of tubes, according to the following equation:

A, = NiA, tube 2.12
The outer single tube area is calculated as the difference total tube area excluding the area covered
by the base of the fins (Nf;,57d, tr) plus the external area of all fins (N¢jps Afin):

Ao tube = TdoLy — Nymtd, ts + N Afiy 2.13
The external area of each fin (As;) is the sum of the circular area of the fin (A¢circe) plus its

peripheral area:

Af = Afcircle T Af,periphery 2.14
The circular area is defined according to the following formula:
d d2\ = 2.15
Af circle = 2T <Z - Zo = E(d? - d(z))

The peripheral fin area is defined according to the following formula:

Af,periphery =m: df "t 2.16
Therefore, the total external area of the tubes is calculated according to the following formula:

A, = NiAgupe = Ni(doL, — Nymd,t; + Ny Af) = N, (doLt — Np(Af - ndotf)) 2.17
The total external tube area that is in direct contact with air is given by the following formula:

Ao air = ndo(Lt - thf)Nt 2.18

February 1, 2024

The relative inner and outer tube areas are calculated in equations 2.19-2.20.




Diploma Thesis — Stavroula Begni

A; 2.19
Ai,rel = A_l
1]
A, 4 2.2
Ao,rel = ::imr 0
0

2.1.3 Required heat transfer area calculation

In the previous section, the calculation of the internal and external heat transfer area of the ACC was
presented based on a series of geometrical parameter inputs. In the present section, the calculation
of the required heat transfer area of the ACC is described. It must be clarified that the heat transfer
area is defined according to the external surface of the ACC, therefore:

Apcc = A, 2.21
Because of the largely different heat transfer conditions of the working fluid in the desuperheating
and condensation regions, the calculation is carried out for each section separately.

The required heat transfer area in the desuperheating section (A4cc ges) is calculated from the
desuperheating heat duty (Qdes), the logarithmic mean temperature difference for counter-current
flow (AT} ges), @ flow correction factor (Fr 405) and the overall heat transfer coefficient (Uges) by
the following equation:
Qdes

Udes FT,des‘l Tlm,des

Apccdes = 2.22

Accordingly, the required transfer area in the condensation section (A4¢c conq) is calculated from the
desuperheating heat duty (Q4es), the logarithmic mean temperature difference for counter-current
flow (AT} ges), @ flow correction factor (Fr 405) and the overall heat transfer coefficient (Uges) by

the following equation:

Qcond 223

Apcccond =
' UcondF T,condATlm,cond

Finally, the total required heat transfer area is calculated as the sum of the desuperheating and

condensation required heat transfer areas:

Apcc = Auaccdes T Aacc,cond 2.24

2.1.3.1 Desuperheating section

The desuperheating overall heat transfer coefficient expressed using the external tube heat transfer

area (A4,) is calculated according to the following equation:
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)
1 A, ln(di 1 2.25

Uzl =
des awf,desAi,rel Ntnl't Zkt aairnfw

Where k; = 16 W /mK is the thermal conductivity of the tube material (stainless steel, [43]).
For the evaluation of all thermophysical properties of the air and working fluid that are used in

subsequent equations, their mean temperatures in the desuperheating are considered:

Tairout + Tair,pp 2.26
Tair,mean,des = 2

wa,in + wa,g 2.27
wa,mean,des = - 2

The heat transfer coefficient of air (a,;,) is calculated from the following equation based on the
Nusselt number (Nug;,), external tube diameter (d,) and thermal conductivity (kg,,-).

kaur 2.28
d,

The Nusselt number (Nug;,-) is calculated from the Reynolds (Re;;-) and Prandtl (Pr,;,-) numbers as

Agir = Nuair '

well as the relative external heat transfer area (4, ;) according to the following formula [44]:

Nug;, = 0.38RedSPr AL 2.29

air air ‘*o,rel

The Reynolds number is calculated according to the following equation:

ﬁair
Regyir = douair,max— 2.30
Vair
Where pg;, is the air density and 7, is the air kinematic viscosity evaluated at and Uy mqy is the
maximum velocity of the air as it flows between the tubes of a staggered bank consisting of finned

tubes:
Lf + tf
p(Ly +tr) —doLy — dst;

In the previous equation, Uy rqce is the face velocity of the air that is calculated based on its mass

Ugirmax = uair,faceLp L 2.31

flow rate, density, and ACC face area:
mair
Ugyi =— 2.32
air.face Afacepair
The heat transfer coefficient of organic fluid in the desuperheating section (a,, s 4.5) is calculated

from [45], according to the following equation:

kwf,des
Ayfdes = Nuwf,des d. 2.33
i
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The Gnielinski correlation [46] is used for the calculation of the Nusselt number inside the tubes

based on the Reynolds (Rey,f qes), Prandtl (P15 q05) numbers and the Darcy friction factor (Fp).

F 2.34
@D (Reyf ges — 1000)Pry 1 ges

Nuwf,des - F
D 2/3
1+12.7 [F2 (P77 1)

The Reynolds number for tubular flow is calculated according to the following equation:

4mwf‘tube 2.35
ndivwf,des

Rewf,des -

For its calculation, the mass flow rate of the working fluid in each tube (m,,, ¢ 1,,5¢) Mmust be calculated.
This mass flow rate depends on the total number of tubes and rows per pass (N,,). This is illustrated

graphically for two cases in Figure 2.6.

N N @ @0 0 s @
0 0 s @ @00 s @
y (K X | L y 3 pass
. . . . 4t pass
OO0 0 2pess @ O 0 0 spass @
. . . . . . . 6 pass .
* X

Figure 2.6. Example arrangements of 6 rows and 2 passes (left) and 6 passes (right)

As the working fluid enters the ACC, it is split into a number of tubes that is equal to the product of

the number of tubes in the x direction and the number of rows per pass:
. . : N,
Myf ot = MyypeNxNyp = mtubeN_Nrp 2.36
y
However, by definition, the number of rows per pass is equal to the total number of rows (N,,) divided
by the number of passes (N¢,):
Ny, =N,,Ng, 2.37
Therefore, combining the previous two equations, the tube mass flow rate is calculated according to
the following equation:

Nep 2.38

Myype = m“’tN_t

Therefore, the Reynolds number is calculated from the following formula:

4m N
wf,tot!Vtp 2.39
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The Darcy friction factor is calculated according to the following equation:

Fp = (0.782 - In(Reyges) — 1.51) 2.40
To account for the presence of fins in the calculation of the overall heat transfer coefficient, the fin
efficiency (1) and weighted fin efficiency (1,,r) are introduced and calculated according to [43].
The egs. 2.41-2.44 result from the solution of a 2nd degree differential equation that emerged from
an energy balance in the fin. Then a simplified equation of ns was introduced by [47].

energy balance in the fins,kf = 237 W /m K is the thermal conductivity of the aluminum fins.

__ Yfin . tanh(ep )
nf - 9dmax - P 2.41
2a,;
Q= = 2.42
w =@<1 + 0.351n($)> 2.43
A, qir T MFA
nfw _ Toair nf f 5 a4
A
ACC

Eventually combining all the factors and variables needed the overall heat transfer coefficient
(Uwf,des) in the desuperheating section is calculated [43].

The logarithmic mean temperature difference of the streams in the desuperheating is calculated
according to the following equation:

AT _ (wa,in - Tair,out) - (wa,sat - Tair,pp)
tm,des In wa,in - Tair,out 2.45
T T

wf,g ~ Yairpp

Because the ACC is a cross-flow and not a counter-current heat exchanger, a correction factor is

introduced to correct the value of AT}, 4. Because in the desuperheating the temperature of both

the air and the working fluid inside the tubes changes during heat transfer a correction factor is

introduced to calculate the overall heat transfer coefficient, which is defined according to the

following equation introducing a surrogate model according to [48].:

F;,}les =0.60127 — 1.9843tanh(3.1595 — 2.3103e;, — 1.6979%¢,) + 1.9843

-tanh(3.8096 + 2.0196e, — 2.3837e.) — 0.22447
-tanh(9.6024 — 6.5102e;, — 9.3455e.) + 0.61916
-tanh(2.8588 — 2.7623e;, — 1.2156e,)

In this equation, e; and e, is the effectiveness of the hot and cold streams:

2.46
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wa,in - wa,g 2.47
enp =

wa,in - Tair,pp
ec — Tair,out_Tair,pp 2.48

wa,in _Tair,pp

2.1.3.2 Condensation section

Likewise, the overall heat transfer coefficient in the condensation section considering the outer heat

transfer area of the ACC is:

Aacc 1 (ﬁ)
U,y = 1 LN d), 1 2.49
con awf,condAi,rel T’:Lt 2kt aairnfw

The heat transfer coefficient of air in the condensation section is calculated in the same manner
presented in the desuperheating section. However, all thermophysical properties of air are evaluated
at the mean temperature corresponding to the condensation section:

T ivin+Tgai
T _ Tairjin air,pp 2.50

air,mean,cond — 2

The heat transfer coefficient of the working fluid in the tubes within the condensation section
(@wf,cona) is calculated starting from the local heat transfer coefficient the following equation

proposed by Shah [49]:

k
Cwfcona = 0.023Rel} Prit . ‘:{'*" F, 2.51
L

In the above equation, the quantities with subscript “g” are calculated for the saturated vapor state
of the working fluid [49, 50].
The Reynolds number is calculated according to the following equation, considering the mass flow

rate of the working fluid in each tube, as it was described in the previous section:

4m,, N
RWf,g = _wfTtp 2.52
ndiNt'wa’g
The general expression of E, is given by the following formula:
3. 8x0.76 1—x 0.04
F,=(1—-x)8+ ( ) 2.53

pwf,red
In the above equation, x is the quality of the working fluid, while p;..4 is its reduced pressure, defined
as the ratio of its pressure divided by the critical pressure.

p 2.54
Prea =
e Pcrit
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Because the quality of the working fluid changes during the condensation process from 1 to O, its
heat transfer coefficient also changes. However, as proposed by Shah, a linear variation is assumed

and the integral of the E, is calculated and used in the heat transfer coefficient calculation:

F, le d 5+2'0434 2.55
= X =— —_— .
ol 9 PYSea

Therefore, the heat transfer coefficient of the working fluid is ultimately calculated according to the

following equation:

k

@ufcona = 0.023Reld -W“},-;,g% T, 2.56
13

The logarithmic mean temperature difference of the streams in the condenser is calculated according
to the following equation:

(wa,g - Tair,pp) - (wa,g - Tair,in)
ATy cona = T —T.. 2.57
lm( wf.g atr.pp) :
wa,g - Tair,in

Because the temperature of the working fluid in the condensation section is constant, the correction

factor for this section is equal to unity (Fr cong = 1).

2.1.4 Air-side pressure drop calculation
The air pressure drop in the ACC is very important since it greatly affects the ACC fan motor power
consumption. It is calculated through the equation 2.63 according to [51, 52]. The variables a, b, and
h are used in the calculation of. According to the Reynolds number, the appropriate equation is used,
and then the air pressure drop as well as the complete air pressure drop is calculated.
The pressure drop of the air as it passes through the ACC is calculated according to the following
equation: [53]

2

— u i )
APy = fNypair alrzmax 2.58

In the above equation, the density of the air is calculated at its mean temperature throughout the

whole ACC:

T _ Tair,in + Tair,our 259
air,mean, ACC — 2 :

& is the Drag coefficient of air, which according to the Reynolds Number is calculated in one of the

equations below:

1.8 -14
£=290-Regd7-j0%.7795. (1-L) " (1-3) ", 10% < Regyy < 103 2.60

d, d,
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1.8 -1.4
§=13-Re;d?j055.7705. (1-L)" . (1-2) 7,103 < Regyy < 10° 2.61
1.8 -1.4
§=0.74-m 055 j05 . ( —;—f) (1- di) ,10° < Reg;, < 106 2.62
j, Z, and s parameters are calculated according to the following equations:
j= Lp/do 2.63
V5 L, 2.64
z=—."P
2 d,
d;—d, 2.65
s§=——
2

The fans should provide a sufficient pressure increase to sustain the flow of air in the ACC. Therefore,
the pressure rise of the fans is calculated considering a 20% additional pressure compared to the ACC

pressure drop:

APair,fan = 1.24P;, 2.66
The fan motor power consumption is calculated according to the following equation:
V..
Pe,fan = APair,fan = 2.67
nfan

In the above equation, V,;, is the volume flow rate of the air, while Nfan is the fan motor efficiency.

The air volume flow rate is calculated according to the following equation:

Vair = —2 2.68

2.1.5 Cost of ACC
The cost of the ACC is calculated through the equations 2.69-2.71 using the method from Astolfi [54].

Cacc pare i the base equipment cost for a component operating at ambient pressure and made from
carbon steel. Effects on the pressure and labor are taken into account by multiplying with the factory
in eq. 2.70. The cost of the ACC is updated using the chemical engineering plant cost index (CEPCI) of
2023.

Cacchare = 1()K1+K2'loy(AAcc)+K3‘(109(AACC))2 2.69
Caccz000 = Caccpare  (B1+ B2 -FM) 2.70
CEPCly5 2.71

Cacc2023 = Caccz000 .leom

The table above displays the coefficients used in the equations.
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Table 2.1: Coefficients for ACC cost correlation

K, = 4.0336 B, = 0.96
K, = 0.2341 B, =121
K; = 0.0497 Fy = 1.8 (AL)

In Figure 2.7 the ACC cost correlation vs the ACC heat transfer area is presented.

ACC Cost Correlation
4,000,000.0

3,500,000.0
“= 3,000,000.0
2,500,000.0
2,000,000.0
1,500,000.0

1,000,000.0

ACC Cost (USD,q,

500,000.0

0.0
2,000.0 4,000.0 6,000.0 8,000.0 10,000.0

ACC hear transfer area (m?)

Figure 2.7: ACC Cost correlation vs ACC heat transfer area

As it can be concluded from the diagram, the ACC costs are extremely high considering the
investment costs of ORC units in the literature. One reason is that costs have been adapted to 2023
values using the CEPCI index, under which an increase of 50% is considered compared to prices
before 2019. Also, it needs to be noted that the ACC cost correlation has a valid range equal to 10 —
10000m?. In the parametric analysis, higher ACC areas will be examined and the respective costs

will be listed indicatively.

2.1.6 ACC sizing model in Matlab
In Figure 2.8 a flowchart of the ACC sizing model is depicted. As mentioned previously the model was

developed in Matlab, applying the methodology of sections 2.1.1-2.1.5. The code starts with the
setting of thermodynamic inputs for air (pair, Tair,,, 4Tair) and organic  fluid
( Mwr, Twr,ins Awa,ds)' as well as ACC geometry inputs (d;, d,, df, Ls, ts, Ly, Ly, Ny, Ny ). Right after
all the necessary thermophysical property calculations are made (p,h, T, p, Pr, k,v) for air and
organic fluid using Refprop. More specifically the thermophysical properties of both air and organic

fluid are calculated in the inlet, pinch point, and outlet of the condensation, including also calculation
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of mean values for condensation and desuperheating section respectively. An energy balance in the
ACC is made according to egs. 2.1-Error! Reference source not found. resulting in the estimation of
mair, and eventually 7a7,pp.

The repeated procedure starts with an initial guess about the ACC heat transfer area (Ajcc)-
According to the Ay value, the code calculates the total number of tubes (N;) from the eq. 2.17 of
the definition of the total external area of the tubes (4,), where A, = A4¢¢ according to eq. 2.21.
The rest of the geometry-related calculations follow including the calculation of Afqc. (€. 2.7), Ap rer
(eq.2.20), A; ¢ (eq. 2.19), and Af (eq. 2.14).

A set of calculations follow in order to estimate the overall heat transfer coefficient in the
condensation (U;pna,€q-2.49) and desuperheating section (Uges, €q. 2.25) respectively. At first,
the heat transfer coefficient of air (a,;,, eqgs. 2.28-2.32) is calculated. For the condensation section,
the heat transfer coefficient of working fluid (ayfcona, €. 2.56) is calculated. For the
desuperheating section except from the heat transfer coefficient of working fluid (a, r 4es, €9. 2.33-
2.35), the correction factor (Fr 45, €9. 2.46) and the weighted fin efficiency (1,,r, €q.2.44) needs
also to be calculated. The detailed methodology of the correlations for both desuperheating (2.1.3.1)
and condensation (2.1.3.2) is explained in the previous respective sections.

The mean logarithmic temperature difference for desuperheating (4T} ges, €9.2.45) and
condensation (AT}, cona,€q. 2.57) section is then calculated. The new ACC heat transfer area
(Aaccnew) is calculated as the sum of the desuperheating (Ascc ges) and condensation Aycc cona
required heat transfer areas through equations 2.22-2.23. The codes check if the subtraction of new
and previous Ayqc is smaller than 0.01. If it isn’t, the repeated procedure starts from the beginning
having as Aycc =Aaccnew-

When the repeated procedure is over, the air pressure drop (4P,;,, eqs. 2.63-2.62), the ACC power
fan consumption (P 4cc,fan, €d.-2.67) and ACC cost (Cy¢c, €gs. 2.69-2.71) are calculated and the code

ends.
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Thermodynamic inputs
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ACC geometry inputs
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REFPROP
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ACC Energy balance
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Figure 2.8: Flow chart of ACC modelling in Matlab
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2.2 ORC design modelling

The ACC sizing model is integrated into an ORC design model. The ORC model is based on a standard,
recuperative ORC configuration, as the one illustrated in Figure 1.3. The inputs of the model and
additional modelling assumptions summarized in Table 2.2. The thermodynamic design is based on
a large-scale industrial waste heat recovery (WHR) ORC that was developed in the context of the

Decagone project [55].

Table 2.2 ORC model inputs

ORC model input parameters Values
Expander isentropic efficiency 65%

Pump isentropic efficiency 65%
Electromechanical efficiency of expander-generator 96%

Pump motor efficiency 85%

Heat source fluid Therminol T-66
Heat source temperature at ORC evaporator inlet 310°C

Heat source temperature at ORC evaporator outlet 130°C

Heat source mass flow rate 9.74 kg/s
Working fluid Cyclopentane
Working fluid temperature at ORC evaporator outlet 240°C
Working fluid superheating at ORC evaporator outlet 31.76 K

Pinch point in recuperator 30.98 K

Pinch point in air-cooled condenser investigated
Ambient air temperature 15°C
Ambient air temperature rise in air-cooled condenser investigated

The output variables of the model are summarized in Table 2.3

Table 2.3 ORC model outputs

Working fluid condensation temperature (°C)
Working fluid condensation pressure (bar)
Working fluid mass flow rate (kg/s)

Air-cooled condenser air mass flow rate (kg/s)

Working fluid temperatures at the inlet and outlet of the recuperator cold and hot sides (°C)

Heat duties of all heat exchangers (kW)
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Expander hydraulic power (kW)

Expander generator electric power output (kWe)

Pump hydraulic power (kW)

Pump motor electric power consumption (kWe)

Air-cooled condenser fan motor electric power consumption (kW)
ORC net power output (kW)

ORC electric efficiency (%)

The modeling of the cycle is based on the energy balance equations of all components (heat

exchangers, pumps, and turbines).

Qevap = Myr(Rufexpin — Bwfevapin) = Moi(Roitin — Roitout) 2.72
Qacc = My (Ruwf condin — Rwfcondout) = Mair (Rair.out — Rair,im) 2.73
Qrec = Myp(Ruwf pumpout — Bwf evapin) = Mwf (Rt turb out — Reond,in) 2.74
Pos pump = Moy (Ruf pump out — Pwf cond,out) 2.75
Pt turb = Myt (Ruf turb in — R turb,out) 2.76

Furthermore, the isentropic efficiency of the pump and expander is used for calculating the outlet

state of the refrigerant at each component according to the following equations:

_ (hwf,pump,out,is - hwf,pump,in) 277
npump,is - (h —h ) :
wf,pump,out wf,pump,in
_ (hwf,turb,in - hwf,turb,out)
Nturbjis = 2.78
(hwf,turb,in - hwf,turb,out,is)
The net power production of the plant is:
Pe,net = Pe,turb - Pe,pump - Pe,ACC,fan 2.79
The electrical efficiency is defined as:
Penet
1, = Lomet 2.80
Qevap

2.3 ORC-ACC modeling

As mentioned previously, the ACC sizing model is integrated with the ORC design model. The
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The overall parametric investigation is carried out for 4 variables; 2 ORC design variables (the
condenser pinch point and air temperature rise in the ACC) and 2 ACC geometric variables (the
number of tube passes and total length of the ACC). Regarding the ACC geometry, one constraint is
considered. In particular, it is assumed that the aspect ratio of the ACC (i.e. the ratio of the tube
length divided by the ACC width) should range from 1 to 7. This practically means that designs in
which the width of the ACC is higher than the length or designs in which the length of the ACC is far
too high than the width are rejected. An additional practical constraint concerns the net power
output of the ORC. In particular, designs for which the ACC fan motor power consumption is higher
than 50% of the gross power output of the ORC expander minus the power consumption of the ORC
pump (i.e. extreme cases in which the ORC is not capable of producing any electricity) are rejected,

as they are practically infeasible.

Investigated ORC design parameters Investigated ACC geometric parameters
PPycc, AT gir Nep Lt
: : Output parameters
Pair» Tairi,, s ATgir Ny, Weors AACCvAface:

A— :> ra—" :>

e, Twrin ATw des

i) 7

Constant ORC design Constant ACC geometric
parameters parameters

Cacc)DPairs Pe acc,fan

Figure 2.9. Interaction between ORC design model and ACC sizing models

The investigated parameters and their ranges are shown in Table 2.4.

Table 2.4 ORC-ACC investigated parameters and their ranges

Parameter Range

ACC pinch point 2-30K

Air temperature rise in ACC 5-30K

Number of tube passes 2,6

ACC tube length 10, 15,20 m

Constraint 1<aspect ratio<7, Pe acc ran < 0-5(Pe turb — Pepump)

With the exception of the tube length and the number of tube passes, all other input geometric

parameters of the ACC are considered constant. Their values are summarized in Table 2.5. Each
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variable along with its value is explained. The assumed tube and fin geometry for the ACC is taken

from [43, 56].

Table 2.5 Fixed ACC geometry parameters

Number of tubes in x dimensions (N,.) 6

Tube pitch (L,) 69.85 mm
Fin spacing (Ly) 2.3 mm
Outer tube (d,) 31.75 mm
Inner tube (d;) 28.25 mm
Fin (dy) 63.5mm
Fin thickness (tr) 0.3 mm

For each set of investigated parameters of Table 2.4, the net power output of the ORC (also
considering the ACC fan motor power consumption), the heat transfer area of the ACC, and its cost
are calculated, among other parameters. A parameter that can be used for providing a combined
thermodynamic and economic evaluation of the system is the specific ACC cost, which is defined as
the ratio of the ACC cost divided by the net power output, according to the following equation:

_ Cacc2023

Cspacc = 2.81

P enet

If the specific ACC cost is very high, the cost of the ACC is disproportionately high compared to the
net power output and thus the system is not very cost-effective. On the other hand, if the ACC cost
is very low, the cost of the ACC is very small compared to the net power output, thus the system is
more cost-effective. Of course, the specific ACC cost is not in itself fully capable of evaluating the

techno-economic performance of the system but is useful as a preliminary indicator.
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In this chapter, the results of the parametric investigation are presented. The overall parametric

investigation is carried out for 4 variables; 2 ORC design variables (the condenser pinch point and air

temperature rise in the ACC) and 2 ACC geometric variables (the number of tube passes and length

of the ACC tubes). To conclude successive and combined results from the parametric investigation,

the parameters below are investigated:

1.

2
3
4
5.
6
7
8

ACC heat transfer area (Ascc)

ACC face area (Arqce)

ACC fan power consumption (P acc,fan)
ACC air side pressure drop (4Pg;;)

ORC net power output (Pe orcnet)

ORC electrical efficiency (¢ net)

ACC cost (C4cc)

ACC specific cost (Cacc,sp)

For each parameter, a diagram is displayed vs the pinch point (PP4.¢) range. Each curve corresponds

to a different air temperature rise (4AT,;,-) in the ACC. For each parameter, 2 diagrams are presented

corresponding to 2 and 6-tube pass (th) configurations. In total, three sets of results are presented

for 10, 15, and 20 m total tube length)
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3.1 Parametric analysis of ACC pinch point and air temperature rise 2, 6 tube
passes and 10 m total ACC tube length

In Figure 3.1 the Aycc vs PPycc is depicted for 2 and 6 tube passes for a tube length of 10 m. Each
curve corresponds to a different AT, It is observed that each curve has a different feasible PPy
range. This happens because of the rejection of results according to the constraints (related to
acceptable ACC aspect ratios and fan power consumption values) that were described in the previous

section. It can be concluded that for higher AT,;,- values, the accepted PP, is expanded.
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Figure 3.1: ACC heat transfer area vs ACC pinch point for 2 & 6 tube pass configuration and 10m
total tube length. Each curve corresponds to a different air temperature rise.
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For a fixed AT,;,-, as PP,cc increases, the condensation temperature/pressure of the ORC increases.
As a result, the thermal efficiency of the cycle decreases, which increases Qo,g, as more heat is
rejected because of the decreasing thermal efficiency. Meanwhile, as the PP, increases, the
temperature difference between the air and working fluid increases, resulting in an increasing AT},
in the ACC. Ultimately, considering eq. 2.23, the effect of increasing ATy, is more significant than the
impact of increasing Qcc, and thus the area of the ACC is decreased. Notably, for PP, values
below 10 K, the area of the ACC increases dramatically by almost 100% for a further decrease of the
pinch point value by 5 K.

It can also be observed that the influence of AT,;,- in the ACC area is insignificant, since, for the same
PPjcc, the ACC area is almost the same for different values of AT,;,-. Essentially, when, for a fixed
pinch point value, the AT,;. increases, the condensation temperature/pressure of the cycle
increases, resulting in a decrease in the thermal efficiency and hence an increase in QACC. However,
it should be noted that the variation of Q¢ for different AT,;, values in the ACC is very small. At
the same time, the variation of AT}, for variable AT,;, values is also very small. Therefore, also
considering eq. 2.23, the overall impact of AT,;, in the ACC area.

Furthermore, comparing the 2 diagrams for 2 and 6 tube passes it can be concluded that for the same
PPjcc, the 6 tube passes configuration requires a smaller ACC heat transfer area. This phenomenon
is observed because, in the 2-pass configuration, the working fluid stream is divided into 3 different
streams. This results in smaller Reynolds numbers and therefore in smaller Nusselt numbers that
lead to reduced heat transfer coefficients, as made clear from equations 2.33-2.35, resulting in
increased required heat transfer surfaces.

In Figure 3.2 A¢gce VS PPycc, is displayed. Asqe is closely related to the A4¢¢ as shown by equations
2.6-2.17 where the geometry of the ACC is explained. In particular, for a given tube length and pitch,
as the face area increases, the number of tubes in the x direction (N, ) increases. Therefore, the same
conclusions with the ACC heat transfer area can be made for the ACC face area. While the ACC heat
transfer area is directly related to the cost of the ACC, the face area of the ACC is more relevant to
practical considerations. Depending on the spatial availability on the site of the ORC installation,

there is a limit on the maximum ACC face area.
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Figure 3.2: ACC face area vs ACC pinch point for 2 & 6 tube pass configuration and 10m total
tube length. Each curve corresponds to a different air temperature rise.

Figure 3.3 illustrates the correlation between the ACC fan power consumption and PP,
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Figure 3.3: ACC fan motor power consumption vs ACC pinch point for 2 & 6 tube pass
configuration and 10m total tube length. Each curve corresponds to a different air temperature

rise.

The fan power consumption is a crucial factor of the cycle as it influences the overall efficiency of the

ORC. ACC fan motor power consumption is defined in equation 2.67, where the direct connection

with the air pressure drop and air mass flow rate is observed. Air pressure drop is connected again

with air mass flow rate as shown in equations 2.58, 2.31, and 2.32. Higher air mass flow rates and

pressure drop values in the ACC result in increased fan motor power consumption, which is

detrimental to the overall net power output and thus the electric efficiency of the ORC. To interpret

the results, the air pressure drop in the ACC is also plotted, shown in Figure 3.4.
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Figure 3.4: Air pressure drop vs ACC pinch point for 2 & 6 tube pass configuration and 10m total
tube length. Each curve corresponds to a different air temperature rise.

As it can be observed in Figure 3.3 for a fixed AT, increasing PPy¢c, results in higher P 4cc ran-
As PPycc, is increased, Q4cc is increased while Afqce is decreased, as it was discussed previously.
Because of the increasing Qacc, Mgy is increased. Meanwhile, because of the increased ri,;, and
decreased Ag,ce, the velocity of the air as it flows between the tubes of the ACC is increased. The
combined result of the increased m;,- and air velocity is a significant increase of the pressure drop
and P, ran.

As it was previously discussed, ATg;;- has an insignificant impact on Asq... However, increasing AT,

results in a very slight decrease in Q 4-c and a significant decrease in 7i1,;,-. Because of the significant

increase in mg;,, the air-side pressure drop along with the fan power consumption are decreased.
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In Figure 3.5 the ORC net power output (also considering the fan power consumption) vs the ACC

pinch point is presented for 2 and 6 tube passes.
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Figure 3.5: ORC net power output vs ACC pinch point for 2 & 6 tube pass configuration and 10m
total tube length. Each curve corresponds to a different air temperature rise.

The variation of the net power output is directly mirrored by the variation of the electric efficiency,

which is shown in Figure 3.6. Therefore, the results are discussed together.
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Figure 3.6: ORC electric efficiency vs ACC pinch point for 2 & 6 tube pass configuration and 10m
total tube length. Each curve corresponds to a different air temperature rise.

As it was discussed previously, on one hand, for a constant ATy;;, as PPy¢ is increased, Pe acc fan 1S

increased. On the other hand, because of the increasing condensation temperature/pressure of the

ORC, the net power produced by the ORC (excluding the ACC fan power consumption), is decreased.

Consequently, increasing the pinch point value results in a substantial deterioration of P, ;. and

thus of the overall electric efficiency. As showcased in Figure 3.5 and Figure 3.6, this deterioration

is far more significant for lower AT,;,- values, for which the fan power consumption is considerably

higher. As a matter of fact, for the same PP, the net power output is dramatically lower for lower
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AT, values. At the same time, for lower AT,;,- the decrease in the net power output (and electric
efficiency) for increasing PPy is far steeper.

In Figure 3.7 the ACC cost is depicted for 2 and 6 tube passes. The ACC cost is closely related to the
heat transfer area of the ACC. Therefore, for increasing PP, values, under which the ACC area is
decreased, the ACC cost is reduced accordingly. For the same reason, the ACC configuration (2 vs 6
passes) and tube length have very little impact on the ACC cost.
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Figure 3.7: ACC Cost vs ACC pinch point for 2 & 6 tube pass configuration and 10m total tube
length. Each curve corresponds to a different air temperature rise.
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As it was discussed in the previous section of the thesis, both technical and economic criteria must
be evaluated. Regarding the ACC, one parameter that can be used for a combined evaluation of the
techno-economic influence of the ACC design is the specific cost of the ACC, which was introduced
in eq. 2.69.

In Figure 3.8 the specific cost of the ACC vs the ACC pinch point is presented. On one hand, a decrease
in PP,cc results in higher net electrical power output, presenting a favorable outcome. However, the
cost of the ACC because of the increasing ACC area has also increased. According to Figure 3.8, for
each value of ATy, there is an optimal PP,,,4 which minimizes the specific ACC cost, presenting an
optimal techno-economic design. The optimal PP, is strongly related to AT,;,.. More specifically,
higher PP, values are optimal for increasing AT,;,- values. The reason is that as AT, is increased,
the fan motor power consumption tends and the net power output is reduced at a much lower rate
for increasing PPy values. Therefore, for higher AT,;,- values, as the PP, is increased, the penalty
in the net power output is not that significant, while the ACC area is reduced at the same rate (Figure
3.7). Generally, it can be observed that the optimal PP,,,,4 ranges between a minimum of 8-10 K to
a maximum of around 15 K for AT,;, values of 20 K and 30 K, respectively. The global minimum of
the specific ACC cost appears for the highest AT,;,- and is equal to around 1500 €/kW.. Notably, this
value is very high considering the reported specific investment costs of ORC units in the literature.
However, it must be highlighted that in the present thesis, the costs have been adapted to 2023
values using the CEPCI index, under which an increase of 50% is considered compared to prices
before 2019. Finally, it must be noted that the same conclusions hold for both 2- and 6-tube pass

configurations.
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Figure 3.8: Specific ACC cost vs ACC pinch point for 2 & 6 tube pass configuration and 10m total
tube length. Each curve corresponds to a different air temperature rise.
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3.2 Parametric analysis of ACC pinch point and air temperature rise 2, 6 tube
passes and 15 m total ACC tube length

In Figure 3.9-Figure 3.16: Specific ACC cost vs ACC pinch point for 2 & 6 tube pass configuration and
15m total tube length. Each curve corresponds to a different air temperature rise the parametric
analysis for the 15 m total tube length is presented. All diagrams are of the same type as those that
were presented in the previous section, corresponding to a tube length of 10 meters. Generally, the
qualitative relationships between the investigated parameters are similar to what was discussed in
the previous section. Therefore, all explanations and conclusions made in section 3.1 apply to this
set of results too. However, there are some explanations regard to calculated quantities, which are
discussed.

Generally, it can be observed that the acceptable PP, ranges (considering the constraints taken
into account in the ACC model) of the curves are smaller and transposed toward smaller pinch point
values. This happens because of the constraint for the aspect ratio of the ACC. In particular, because
the tube length is longer, the required ACC area is obtained with fewer tubes in the x dimension and
thus with lower ACC widths. Therefore, generally, the aspect ratios of the ACC designs in the case of
longer tube lengths are higher. For higher PP, values, the required ACC area is lower, therefore,
the ACC sizing model tends to produce designs with even smaller ACC widths, which are not
acceptable based on the aspect ratio constraint.

In Figure 3.9 the ACC heat transfer area vs the ACC pinch point is presented for 2 and 6 tube passes.
Compared to the 10 m length tube, the ACC heat transfer area in the 15m tube length is smaller, for
the PPycc for which valid designs appear. This phenomenon can be explained by the equations of
section 2.1.3 where the required heat transfer area Apcc is calculated. It appears that for longer
tubes the overall heat transfer coefficient (U) is higher. By analysing eq. 2.25 of the U, both a,;;,
Qwf,des and 1y, have higher values in 15m tube length, resulting in a higher value of Ug,s. The same
conclusions apply to the U.,,4 as well. At the same time in equation 2.23 of heat duty in the ACC,
the heat duty remains the same for the same temperature conditions. So an increase in the heat

transfer coefficient results in a reduction in the ACC heat transfer area.
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Figure 3.9: ACC heat transfer area vs ACC pinch point for 2 & 6 tube pass configuration and 15m
total tube length. Each curve corresponds to a different air temperature rise.
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In Figure 3.10 the Agqce Vs the PPycc is presented for 2 and 6 tube passes. The surface area in the
15 m tube length follows the same behaviour as the ACC heat transfer area. Specifically, for this
scenario, it seems that the valid pinch point range generally requires bigger surfaces to cover the

heat duty of the ACC.
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Figure 3.10: ACC face area vs ACC pinch point for 2 & 6 tube pass configuration and 15m total
tube length. Each curve corresponds to a different air temperature rise.
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Figure 3.11 illustrates the connection between the P, scc ran VS the PPy for 2 and 6-tube passes.

To interpret the results, the air pressure drop in the ACC is also plotted, shown in Figure 3.12.
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Figure 3.11: ACC fan power consumption vs ACC pinch point for 2 & 6 tube pass configuration
and 15m total tube length. Each curve corresponds to a different air temperature rise.
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Figure 3.12: ACC air side pressure drop vs ACC pinch point for 2 & 6 tube pass configuration and
15m total tube length. Each curve corresponds to a different air temperature rise

The comparison for the L; indicates that for L, = 15m, AP,;. has hiher values. The explanation
comes from the definition of AP,;,. in equation 2.58. AP,;, depends on Uy ;max- From equations 2.31,
2.32, and 2.7 it can be concluded that an increase in the L; reduces the Ag,c, and therefore

increases the Ug;r max, resulting in a higher AP, . APy is connectd with P 4¢¢ ran through eq. 2.67,
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In Figure 3.13 ORC net power output vs the ACC pinch point is presented for 2 and 6 tube passes.

The variation of the net power output is directly mirrored by the variation of the electric efficiency,

which is shown in Figure 3.14. Therefore, the results are discussed together.

1800
__ 1600
1400
1200
1000
800
600
400

ORC net power output (kW,

200

1800
__ 1600
1400
1200
1000
800
600
400
200

ORC net power output (kW,

2 tube passes, L=15m

~_

Al

HWIQQZ

5 10 15 20 25 30
ACC pinch point (K)
—10 15 —20 25 —30
6 tube passes, L=15m
\
N
5 10 15 20 25 30
ACC pinch point (K)
—10 15 —20 25 —30

Figure 3.13: ORC net power output vs ACC pinch point for 2 & 6 tube pass configuration and 15m
total tube length. Each curve corresponds to a different air temperature rise.
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Figure 3.14: ORC electric efficiency vs ACC pinch point for 2 & 6 tube pass configuration and 15m
total tube length. Each curve corresponds to a different air temperature rise.

As it was discussed previously, for Ly = 15m, P, 4cc fan is increased for the same conditions of PPy
and AT,;, comparing with L, = 10m. Consequently, deterioration of P, ;. and thus of the overall
electric efficiency appears in the scenario of L; = 15m..

In Figure 3.15 vs the PP, is presented for 2 and 6 tube passes. According to eq. 2.70, the Cy¢c is
dependent on the heat transfer area Ayqc. Therefore, lower values of C4c are expected or L, =

15m for the common PPy range and AT,;,, due to the smaller A4, as discussed in Figure 3.9. For
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small PPycc, itis made clear from the diagram that C4.c becomes notably higher and with a steeper

slope. These values correspond to A, bigger than 10,000 m?. As mentioned in section 2.1.5, this

range is outside the valid range of the cost correlation.
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Figure 3.15: ACC cost vs ACC pinch point for 2 & 6 tube pass configuration and 15m total tube
length. Each curve corresponds to a different air temperature rise
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In Figure 3.16 the Cycc sp Vs the PPy is presented for 2 and 6 tube passes. Relatively with the Cy¢c,
lower values of C4¢csp are observed for the common PPy;c range of 10 & 15 m tube length
configurations. It can be observed that the optimal PP.,,4 ranges from 10-12 K for AT,;,- values of
20 K to 30 K. The global minimum of the specific ACC cost appears for the highest AT,;,- and is equal
to around 1600 €/kW.. Notably, this value is very high considering the reported specific investment

costs of ORC units in the literature as mentioned earlier in this thesis.
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Figure 3.16: Specific ACC cost vs ACC pinch point for 2 & 6 tube pass configuration and 15m total
tube length. Each curve corresponds to a different air temperature rise
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3.3 Parametric analysis of ACC pinch point and air temperature rise 2, 6 tube
passes and 20 m total ACC tube length

In Figure 3.17- Figure 3.24 the parametric analysis for the 20 m total tube length is presented. Each
curve corresponds to a different air temperature rise (4T,;;-). All diagrams are of the same type as
those that were presented in section 3.1, corresponding to a tube length of 10 meters. Generally,
the qualitative relationships between the investigated parameters are similar to what was discussed
in section 3.1. Therefore, all explanations and conclusions made in section 3.1 apply to this set of
results too.

Moreover, it can be observed that the acceptable PP, ranges (considering the constraints taken
into account in the ACC model) of the curves are smaller than the 15m tube length set of results and
transposed toward even smaller pinch point values. This happens again because of the constraint for
the aspect ratio of the ACC. In particular, because the tube length is longer, the required ACC area is
obtained with fewer tubes in the x dimension and thus with lower ACC widths. Therefore, generally,
the aspect ratios of the ACC designs in the case of longer tube lengths are higher. For higher PP,
values, the required ACC area is lower, therefore, the ACC sizing model tends to produce designs
with even smaller ACC widths, which are not acceptable based on the aspect ratio constraint.
Therefore, all explanations and conclusions made in section Error! Reference source not found.
about the comparison of 10 and 15 meters tube length, apply to this set of results too.

In Figure 3.17 the Acc vs the PPyccis presented for 2 and 6 tube passes.
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Figure 3.17: ACC heat transfer area vs ACC pinch point for 2 & 6 tube pass configuration and 15m
total tube length. Each curve corresponds to a different air temperature rise

In Figure 3.18 Aggce Vs the PPyccis presented for 2 and 6 tube passes.
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Figure 3.18: ACC face area vs ACC pinch point for 2 & 6 tube pass configuration and 20m total

tube length. Each curve corresponds to a different air temperature rise

In Figure 3.19 P, scc fan VS the PPycc is presented for 2 and 6 tube passes.
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Figure 3.19: ACC fan power consumption vs ACC pinch point for 2 & 6 tube pass configuration
and 20m total tube length. Each curve corresponds to a different air temperature rise

In Figure 3.20 AP,;,- vs the PP, is presented for 2 and 6 tube passes.

February 1, 2024



Diploma Thesis — Stavroula Begni

800
& 700
8 600
he)
v 500
=}
(%]
£ 400
$ 300
(%]
=200
o

Q
< 100

700

[
o
o

(O]
o
o

N
o
o

w
o
o

200

100

ACC air side pressure drop (Pa)

2 tube passes, L=20 m

10 15 20 25 30
ACC pinch point (K)
—10 15 —20 25 —30
6 tube passes, L=20 m
l
[/,
/
28
10 15 20 25 30
ACC pinch point (K)
—10 15 —20 25 —30

Figure 3.20: ACC air side pressure drop vs ACC pinch point for 2 & 6 tube pass configuration and
20m total tube length. Each curve corresponds to a different air temperature rise

In Figure 3.21 the electric efficiency vs the PP, is presented for 2 and 6 tube passes.
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Figure 3.21: ORC net power output vs ACC pinch point for 2 & 6 tube pass configuration and 20m
total tube length. Each curve corresponds to a different air temperature rise

In Figure 3.22 1, netorc VS the P is presented for 2 and 6 tube passes.
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Figure 3.22: ORC electric efficiency vs ACC pinch point for 2 & 6 tube pass configuration and 20m
total tube length. Each curve corresponds to a different air temperature rise

In Figure 3.23 ACC cost vs the ACC pinch point is presented for 2 and 6 tube passes.
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Figure 3.23: ACC cost vs ACC pinch point for 2 & 6 tube pass configuration and 20m total tube

length. Each curve corresponds to a different air temperature rise

In Figure 3.24 specific ACC cost vs the ACC pinch point is presented for 2 and 6 tube passes.
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Figure 3.24: Specific ACC cost vs ACC pinch point for 2 & 6 tube pass configuration and 20m total

tube length. Each curve corresponds to a different air temperature rise
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3.4 Optimal design point for each scenario

In this section, the specific ACC cost will be further analysed in comparison with the ORC design
(PPacc,ATqir)and geometry variables (L, Nyp), that the parametric investigation was carried out .
Cacc,sp 1s the parameter that combines both technical and economic factors, as analyzed in the
previous diagrams. In this section the optimal design points for each scenario of geometry
configuration will be examined. More specifically, for each combination of tube length (L;) and
number of tube passes (N, ), the point that results in lower Cy¢c 5 Will be collected for each PPy¢c.
Each point will correspond in the respective ATg;;- that minimizes the Cycc sp- In Table 3.3 the set of

poinst are presented for each scenario and PP,

Table 3.1: Optimal points that minimize Specific ACC cost for L; =10m

L=10m, Ny»=6 L=10m, Ny,=2
Pinch Point AT,;, | Specific ACCcost | ATy, Specific ACC cost

(K) (K) (USD/kW,) (K) (USD/kW,)
4 20 2560 - -
6 20 2057 30 2655
8 30 1786 30 2141
10 30 1605 30 1840
12 30 1504 30 1660
14 30 1459 30 1552
16 30 1466 30 1500
18 30 1524 30 1498
20 30 1655 30 1551

Table 3.2: Optimal points that minimize Specific ACC cost for L; =15m

Lt=15m, Ntp=6 Lt=15m, Ntp=2
Pinch Point AT, | Specific ACCcost | AT,;, | Specific ACC cost
(K) (K) (USD/kWe) (K) (USD/kWe)
2 25 3406 - -
4 20 2394 25 3039
6 20 1975 25 2338
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8 30 1727 30 1950
10 30 1568 30 1716
12 - - 30 1577

Table 3.3: Optimal points that minimize Specific ACC cost for L; =20m

Lt=20m, Ntp=6 Lt=20m, Ntp=2
Pinch Point | AT,;. | Specific ACCcost | AT,;, | Specific ACC cost
(K) (K) (USD/kWe) (K) (USD/kWe)
2 25 3259 25 4168
4 20 2315 25 2781
6 25 1946 20 2189

For a better visualisation of the results, Figure 3.25 and Figure 3.26 will be thoroughly explained in
order to explain and interpret in detail the relationship between specific ACC Costs and the 4 design
parameters of the parametric investigation.

In Figure 3.25 the Specific ACC cost vs the pinch point is displayed. Each curve represents a
combination of tube length L; and the number of tube passes N,. Each point corresponds to the
respective ATy;; that the Cycc sp is minimum.

Right above Figure 3.26 illustrates the ATg;; vs PP for each optimal point of Cy¢c sp- Each curve
represents a combination of tube length L; and the number of tube passes Ng,. Each point

corresponds to the respective minimum Cy¢c s, for each pinch point.
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The analysis of these 2 diagramms summarises the key findings of the parametric investigation.

For each L. it is observed that Cycc sy is higher for N, = 2. N, effects on the heat transfer
coefficient resulting in higher A, for 2 tube passes, as explained in section 3.1. Therefore, due to
the higher Ay¢c, the Cycc sp Will have increased values too. For the same Ny, the Cycc sp is higher
for smaller L;. Again longer L; effects on the Ay¢¢ resulting in smaller required Agcc and Cace,sp-
These observations make more clear the impact of the of the geometry in the final C4¢¢ 5. Changes
in the geometry impact he the specific cost of the ACC through the Ayqc.

Regarding geometry, It can also be observed that the acceptable PP, ranges (considering the
constraints taken into account in the ACC model) of the curves are smaller and transposed toward
smaller pinch point values as the L, increases. This happens because of the constraint for the aspect
ratio of the ACC. For longer L, the required Ay is obtained with fewer tubes in the x dimension
and thus with lower ACC widths. For higher PP, values, the required A, is lower, therefore, the
ACC sizing model tends to produce designs with even smaller ACC widths, which are not acceptable
based on the aspect ratio constraint.

At each scenario of L; & Ny, the specific ACC cost decreases as the PP,¢¢ increases. As explained
earlier the decrease in PP, results in higher net electrical power output, however at the same time
Cacc increases with a steeper pace having a bigger influence in the Cyc¢ - The global minimum
point of all scenarios is detected at PPjcc = 14K with a minimum value of Cyecsp =
1459 USD/Kw, and AT ;- = 30 K. Still, this number is extremely high for actual ORC systems. As
it was mentioned earlier, this phenomenon is due to the correlation used and the +50% increase in
the CEPCI.

All the optimal points of Figure 3.25 correspond to a AT, in which the Cy¢c sp at each particular
pinch point is minimum. In Figure 3.25 it is clear that for pinch points higher than 8 K the only
ATy minimizing Cycc sp is the 30 K air temperature rise. This corresponds to L; = 10 & 15 m, as
L; = 20m doesn’t have feasible solutions in these PP,ccranges. The reason is that as AT, is
increased, the P 4¢c fantends and the net power output is reduced at a much lower rate for
increasing PPy values. Therefore, for higher AT,;,- values, as the PPy is increased, the penalty in
the net power output is not that significant, while the A4 is reduced at the same rate. For small
PP,cc itis observed that that the optimal point is achieved in lower AT,;;,- , yet remaining high at 20-
25K. There is no clear correlation on the behavior of the curves. It might be explained from the fact
that in really small PP4.c, the curves have really steep slopes, however these points are related with

extremely high costs and therefore they are not, part of the general optimal solution.
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As a conclusion of this analysis of the Cyccsp related to the design variables of the parametric
investigation it can be concluded that optimal design points are met in PPy =12-18K, AT, =
30K and L; = 10m. The costs are yet extremely high for ORC systems and geometry though it affect

Cacc,sp itis not so influential as PPycc and AT,
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4. Conclusions

In the current study, a techno-economic evaluation of the impact of the air-cooled condensers in
ORC systems was carried out. A unified sizing model for the ACC was developed and a detailed
parametric investigation was presented to detect the key design variables of the ACC modeling and
its integration into the ORC system. Observing the results of the overall system, the following
conclusions and observations are made:

e An inrease in ATy, results in a significant decrease of m,;,. Because of the significant
increase, APy;;- along with P, 4cc ran are decreased. ATy, also effects on the condensation
temperature/pressure of the cycle with an insignificant increase in QACC and affectson of
ATy,

e Anincreasein PP 4¢¢ also effects insignificantly on Q 4cc, however there is a notable increase
in AT}, that results in a decreased Ay -

e For Ny, =2 the working fluid stream is divided into 3 different streams, resulting in

decreased values of heat transfer coefficient (U), and because Q4cc remains the same,
Aycc is higher.

e L, also effects on the U. Longer tubes are assassociated with bigger values of U and thus
smaller Aycc-

e For PPy values below 10 K, A4qc increases dramatically by almost 100% for a further
decrease of the pinch point value by 5 K.

e The acceptable PP, range of the curves are smaller and transposed toward smaller pinch
point values as L, increases. This happens because of the constraint for the aspect ratio of
the ACC. Because L; is longer, the required Ay is obtained with fewer tubes in the x
dimension and thus with lower ACC widths.

®  C4ccsp combines both technical and economic criteria in the parametric investigation.
Optimal PP4¢¢ ranges between a minimum of 8-10 K to a maximum of around 15 K for AT;,-
values of 20 K and 30 K, respectively. The global minimum of the specific ACC cost appears
for the highest AT,;,- and is equal to around 1500 €/kW.

e ACC costs are extemely high compared to the typical investment costs of ORC systems due

to the +50% increase in the CEPCI.
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5. Future Recommendations

The results of this study lead to the potential of further system’s investigation. Some ideas for future

work are presented below:
e Investigation of the pressure drop on the organic fluid for different geometry configurations
and design variables of the ORC system.
e Further investigation of the surrogate model of the Correction factor in the desuperheating
section for the calculation of the heat transfer coefficient.
e Creation of a sizing model for V-type condensers in ORC systems

e Technoeconomic analysis and comparison of different ACC types
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