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EXERGY BASED SUSTAINABILITY ASSESSMENT OF AN
ORC INTEGRATED WASTE HEAT RECOVERY SYSTEM
FOR MARINE VESSELS
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ABSTRACT

This paper introduces the basics of exergy-based sustainability assessment
and the framework that should be shaped within the first stage. The sustainability
assessment framework leads to sustainability indicators that are used to assist
policymakers and decision-making processes. The literature review shows that the
energy systems are suited to sustainability assessment with exergy based
assessment tools and indicators from an environmental point of view. In this study,
an exergy based sustainability assessment is carried out by using the exergy
analyses results of an ORC (organic Rankine cycle) integrated waste heat
recovery system on a 1,221 TEU container ship. The exergy analysis results are
used to derive comparable and quantified exergetic sustainability indicators that
indicate the sustainability level and further improvement potentials with the
utilization of the proposed waste heat recovery system design. The assessment
results show that the minimum waste exergy ratio is obtained with the value of
0.106 when RI1234ze(Z) is used and the evaporating pressure is 3 MPa.
R1234ze(Z) and R245fa working fluids show good environmental performance for
the proposed system design. The maximum exergetic sustainability index value is
obtained with the value of 8.435 when R1234ze(Z) is used and the evaporating
pressure is 3 MPa.
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DENIZ TASITLARI ICIN ORC ENTEGRELI BiR ATIK ISI
GERI KAZANIM SISTEMININ EKSERJI TABANLI
SURDURULEBILIRLIK DEGERLENDIRMESI

0z

Bu  ¢alisma, ilk asamada  ekserji  tabanli  siirdiiriilebilirlik
degerlendirmesinin temellerini ve i¢inde sekillendigi ¢erceveyi tanitmaktadir.
Stirdiiriilebilirlik degerlendirmesi ¢ergevesi, politika yapicilara ve karar verme
siireglerine yardimci olmak igin kullanilan siirdiiriilebilirlik gostergelerine
vonlendirmektedir. Literatiir taramasi, c¢evresel bir bakis agisindan enerji
sistemlerinin ekserji tabanl degerlendirme araglart ve géstergeleri ile
stirdiiriilebilirlik ~ degerlendirmesine uygun oldugunu gostermektedir. Bu
calismada, 1.221 TEU'luk bir konteyner gemisi igin tasarlanmis ORC (organik
Rankine ¢evrimi) entegreli bir atik 1s1 geri kazamim sisteminin ekserji analiz
sonuglart kullamilarak ekserji tabanli bir siirdiiriilebilirlik degerlendirmesi
yapumistir. Onerilen atik 1s1 geri kazamm sistemi tasariminin siirdiiriilebilirlik
diizeyini ve daha fazla iyilestirme potansiyelini ortaya koyan karsilastirilabilir ve
nicel ekserjetik siirdiiriilebilirlik gostergelerini tiiretmek igin ekserji analizi
sonuglart kullanilarak, kullamilmistir. Degerlendirme sonuglari, minimum atik
ekserji oramimin 3 MPa'da 0,106 degerinde RI1234ze(Z) akiskanindan elde
edildigini gostermistir. R1234ze(Z) ve R245fa is akiskanlari, onerilen sistem
tasarimi icin oldukga iyi bir cevresel performans gostermektedir. Maksimum
ekserjetik siirdiiriilebilirlik indeksi 8.435 degerinde 3 MPa'da R1234ze(Z)'den
elde edilmistir.

Anahtar Kelimeler: Siirdiirilebilirlik, Ekserji, Organic Rankine Cevrimi,
Atik Ist Geri Kazanimi, Gemi Makineleri Isletme Miihendisligi.

1. INTRODUCTION

Sustainability assessment plays an important role in energy systems.
The sustainability assessment tools on energy systems are beneficial at
justifying an energy policy by discussing the effects of different sources of
energy, determining the impact of waste energy and exergy on the
environment, suggesting measures to reduce emissions, and encouraging
the application of more environmentally benign solutions (Chowdhury et
al. 2020a). A sustainable system refers to a system that does not cause
permanent damage to the environment and does not consume excessive
resources while performing an efficient operation for a long enough service
period and leaving a clean environment and enough resources to posterity
to meet their needs of natural resources (Dincer and Zamfirescu, 2018).
Sustainable development of a system consists of challenges to achieve no
or few negative environmental and social impacts goals, which require
continuous and sustained improvement of the system. The sustainability of
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a system needs to be measured and assessed via sustainability assessment
tools, thereby the system can be deduced as sustainable or indicate
sustainable development (Hacatoglu et al. 2015).

Ness et al. (2007) categorized sustainability assessment tools into
three areas that are indicators or indices, product-related assessment tools,
and integrated assessment tools. Indicators are simple measures that can
quantitatively represent the economic, social, and/or environmental state
of a specified region. The sustainability trends are continuously tracked by
calculating or measuring those indicators, which are utilized for short-term
and future projections decision-making with a retrospective point of view.
The product-related assessment tools include life cycle assessment, life
cycle costing, material flow analysis, and product energy analysis. These
tools identify inefficiencies and sustainability based risks about the product
design and production processes. The integrated assessment tools are
utilized for supporting decisions related to a policy or a project for
managing complex problems from a prospective point of view. These tools
might be used for a variety of applications in addition to sustainability
assessment issues, e.g., system dynamics, risk analysis, cost-benefit
analysis, vulnerability analysis, and environmental impact assessment
(Dincer and Zamfirescu, 2018). The sustainability assessment tools have
been adopted in many applications worldwide to track the environmental,
economic, and social impacts of specific cases. These sustainability
assessment case studies include electricity and heat production from solar
energy, biofuel, hydrogen production, household energy needs,
hydroelectric energy, waste heat recovery, and other energy sources;
agriculture, food, forestry and other land wuse; transportation and
automobile sectors; construction and building sectors; industrial sectors of
ceramic, marble, solvents, wood, plastic, wind turbines, biorefinery, and
chemicals (Visentin et al. 2020).

The sustainability assessment tools and relevant evaluations are
further processed in a sustainability assessment framework to develop a
strategy for the environmental impact of projects (Srinivasan et al. 2011).
Drivers-pressures-states-impacts-responses (DPSIR) model has been a
widely adopted framework, which acts as an adaptive management tool
and describes the interactions between society and the environment
(Kristensen, 2004; Walter, 2013). In this model, the casual links start with
the drivers that indicate the developments in society, the economy, and the
environment. The driving forces exert pressure on the current state of
sustainability, which leads to impacts resulting from changes in the
environmental quality in any direction. Society plays an important role in
this model, where they can give responses to this change to reverse the
impacts. In addition, the responses of society can directly act on the drivers,
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pressures, or state of sustainability with feedback loops, as illustrated in
Figure 1 (Gabrielsen and Bosh, 2003; Dincer and Zamfirescu, 2018).
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Figure 1: DPSIR Model for Sustainability Assessment
Source: Adapted from Dincer and Zamfirescu, 2018.

Sustainability indicators are characterized by their duties in the
DPSIR model. From an energy system perspective, those indicators shape
the direction of sustainable development strategies with the help of
assessment of and advancement in technology. Fossil fuel-dependent
economy in present and the developing technological advancements create
social and environmental driving forces that cause a change in the current
state of the sustainability of energy systems. The policy and decision-
making process can be supported with the sustainability assessment
indicators that are measured for the current state and technologically
advanced state causing another pressure branch for sustainable
development. The response should be capable of achieving a more
sustainable society for the future. In some cases, this goal can be a driving
pressure that creates feedbacks through policy-making for the need for
more advanced technologies to create more sustainable solutions for the
future. The role of sustainability indicators of energy systems for a planned
sustainable energy society is introduced by Dincer and Zamfirescu (2018)
and modified as illustrated in Figure 2.

An energy system consists of resource and process enabler inputs,
and in return produces actual process outputs and wastes. Process outputs
can be defined as the combination of utilizable exergy and recyclable
streams like recoverable heat, emissions, or utilities (Linke et al. 2014).
The sustainability of a system can be determined by measuring the wastes
produced by the process. The wastes of an energy system generally show
themselves in the form of pollutants emissions, waste energy, or material
wastes. The energy analyses measure the waste energy according to the
given inputs to the system. However, a direct measure of energy efficiency
will not cover the effects of heat losses on the environment. In this context,
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exergy analyses become more reliable in the sustainability assessment of
energy systems because the exergy of a system covers environmental
factors as a reference.
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Figure 2: The Role of Sustainability Assessment Indicators of Energy
Systems for A Planned Sustainable Energy Society
Source: Adapted from Dincer and Zamfirescu, 2018.

Instead of using the first law of thermodynamics (energy analysis),
exergy and emergy analyses are more advanced since they consider both
the quality and the quantity of energy (Rosen and Dincer, 2001). The
exergy of a system is the maximal amount of mechanical work that can be
extracted (Wall, 1977). In terms of evaluating the efficiency, loss, and
performance of a system, exergy analysis is more useful than energy
analysis (Caliskan et al. 2011). Exergy analysis offers to represent a true
measure of imperfections of an energy system and indicate possible ways
to improve the energy systems, which in turn forms a basis for
sustainability assessment of the system subjected to the analysis from the
environment. Assessment of the exergy destruction offers the opportunity
to quantify the environmental impact and the sustainability of any energy
system (Dincer and Zamfirescu, 2018). Also, the exergy analysis has been
applied to different engineering fields thereby bringing understanding to
the actual losses involved in energy conversion processes and
sustainability level of energy systems (Rosen et al. 2008; Midilli et al.
2012; Aydin, 2013; Gingerich and Mauter, 2015; Turan and Aydin, 2016;
Abam et al. 2017; Abam et al. 2018a).
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This study aims at indicating comparable quantified data with the
assessment results that show sustainability improvement potentials if the
ORC integrated waste heat recovery system design proposed by Konur et
al. (2020) is applied. It is expected that the quantified sustainability
assessment results will help decision-making processes of policymakers
and ship owners to apply ORC systems to marine vessels for more energy-
efficient and environment-friendly operations.

2. LITERATURE SURVEY ON EXERGY BASED
SUSTAINABILITY ASSESSMENT OF ENERGY SYSTEMS

The focus of exergy-based sustainability assessment studies in the
early stages was gathered around new technological options for small-scale
home applications. The studies for industrial applications were then rapidly
increased as the method reveals comparative data for the
existing/developing technological options and further improvement
potentials of their components. Balta et al. (2010) investigated the
performance of four energy options for building HVAC systems, which are
ground heat pump, condensing boiler, conventional boiler, and solar
collector systems. They aimed to assess the most sustainable system among
those four systems by comparing the SI values for all cases at varying
reference outdoor temperatures of -10 to 15 °C, and a target indoor
temperature of 20 °C. The results indicate that the most sustainable system
among those four is the solar collector heating system for the case study of
the reference building. Total exergy efficiencies of the heat pump,
condensing boiler, conventional boiler, and solar collector for the reference
outdoor temperature of 0 °C are 3.66, 3.31, 2.91, and 12.64% with the
sustainable index values of 1.039, 1.034, 1.030, and 1.144, respectively.
The results also showed that the solar collectors perform a better
sustainability graphic for colder ambient temperatures that can reach above
1.40 at -10 °C. Caliskan et al. (2011) conducted a sustainability assessment
study of a solar-ground based heat pump with thermal energy storage for a
case study of a 120-m? house. The study aimed to obtain the sustainability
aspects of the system for varying reference temperatures of 0 to 25 °C. It
was indicated that the exergy efficiency, as well as the sustainability index,
is inversely proportional to the reference temperature. Therefore, the
obtained SI rate values were bigger at 0 °C (1.6946) than 25 °C (1.6193)
reference temperatures.

Caliskan and Hepbasli (2011) carried out an exergy-based
sustainability assessment to a four-stroke diesel engine for the running up
conditions with diesel oil no.2 and two different kinds of biodiesels (soy
methyl ester and high-oleic methyl ester). It was found that using
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biodiesels shows a better sustainability performance than those of diesel
no.2. Using the 0 °C reference temperature, the obtained average SI rates
were 1.6015, 1.6116, 1.6097 for diesel no.2, soy methyl ester and high-
oleic methyl ester fuels, respectively. Wu et al. (2015) investigated the
renewability and sustainability of household biogas utilization in rural
areas of China by using a cosmic exergy based assessment approach that
aggregates natural resources, economic inputs and environmental
contamination on a common basis. The results indicate that the integrated
biogas system nearly doubles the ecological benefits based on a 20-years
of lifespan scenario when compared to the conventional production
system. Maniali and Silveira (2015) compared the sustainability of
different energy options for rural area electrification. They select eleven
indicators among economic, environmental, social, technical and
institutional pillars of sustainability. The method for evaluating the
sustainability indicators was mainly based on normalizing the data for
those indicators found in the literature. Ten technologies among the most
suitable options for rural areas were investigated for 2005, 2010 and 2015,
respectively. The results enabled the investigation of the examined
technologies from different indicator perspectives using a radar diagram.
The sustainability performance was further investigated by calculating
energy technology sustainability indexes for those technologies. It was
shown that diesel generators were still a good option but placed fifth among
these technologies. Biomass and micro/pico hydroelectric power have
resulted as more sustainable options than others for rural area
electrification. It has also resulted that the emerging technologies, such as
solar and wind energy options, possessed lower sustainability
performances but have been increasing their sustainability performance for
the years from 2005 to 2015. It would be an interesting study to assess the
performance of those technologies considering the new developments
through 2020.

Energy, exergy and exergoeconomic analyses with sustainability
and environmental analyses have been a hot topic in aviation for different
aircraft engines (Balli and Hepbasli, 2014; Aydin et al. 2015; Turan and
Aydin, 2016; Sohret et al. 2016; Ekici et al. 2018; Baklacioglu et al. 2018;
Sogiit, 2018; Sahu et al. 2018; Aygun and Turan, 2020; Yuksel et al. 2020).
The analyses results of these studies are utilizable as a guide for the design
and improvement efforts of the aircraft engines. The major losses from the
parts of the aircraft engines were obtained by the energy and exergy
analyses. The environmental effect and the sustainability of the engine
were assessed using the environmental effect factor and exergetic
sustainability index. Waste exergy ratio, recoverable exergy ratio and
exergy destruction factor were other metrics that were taken into
consideration while indicating the sustainability of the aircraft engines.
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Sustainability analysis of the aircraft engines was investigated in a wider
perspective in some of these studies with the calculation of the sustainable
cost index (SCI), which is the ratio of unit exergy cost of products to the
sustainability index. It is mentioned that the methods for lowering the SCI
value are sought by investigating the effect of parameters such as; system’s
product cost flow, exergy efficiency, SI, fuel cost rate, total capital
investments (Sahu et al. 2018).

There can be found several studies that were adopted the
sustainability index method for the sustainability assessment of
cogeneration and tri-generation power plants for various areas. Ozcan and
Dincer (2014) analyzed a tri-generation system consisting of parabolic
trough solar collectors, an ORC, an absorption chiller and a thermal energy
storage system. They obtained that the sustainability of the system
improves with higher solar irradiation and lower ambient temperature. The
results also showed that the plant performance is strongly dependent on the
solar collector design and operational parameters of mass flow rate,
pressure ratios and specified target temperatures of the tri-generation
system components. Acar and Dincer (2014) utilized the exergetic
sustainability index method to investigate the further development
potential of the components of zero-emission power plants for
coproduction of electricity and methanol. The analyses were carried out for
the water electrolysis unit, methanol synthesis unit, overall power plant, at
which the index results were found as 1.43, 1.7, 2.43, respectively. They
found that the ambient temperature does not have a significant effect on
the exergetic performance of the system. They also suggested using
turbines driven by combustion gases to meet the work requirements of the
electrolysis unit and recover the waste heat to increase the exergy
efficiency of the total system by 3%. Caglayan and Caliskan (2018)
proposed a cogeneration system for the ceramic industry that can both
produce electrical power through a gas turbine and also provide waste heat
to be utilized in drying processes. The sustainability index values of
cogeneration plant components provided an improvement opportunity by
analyzing the system model with varying dead state temperatures. The
results showed that the sustainability of the overall cogeneration plant is
directly proportional to the ambient temperature, which scores better at 30
°C with the sustainability index of 1.4282. Nami and Anvari-Moghaddam
(2020) investigated tri-generation systems for waste heat recovery from
cement plants in exergo-sustainability and economic aspects. Recuperative
ORC and steam Rankine cycle systems were considered as power
generation options for the proposed combined cooling, heating and power
(CCHP) system designs. As the cooling demand of the plant seasonally
varies, the two system configurations were compared according to the
cooling demand. The results of the study showed that the ORC-based
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CCHP system has better sustainability performance, but has a higher
payback period than the Rankine-based CCHP system.

Stougie (2014) proposed a method called “Total Cumulative Exergy
Loss (TCExL)” that takes into account all exergy losses of a system during
its lifecycle. The method is used to assess the exergetic sustainability of a
system by calculating internal exergy losses including the abatement
exergy for the emissions of NOy, SO,, CO», and phosphate. The reference
abatement exergy values were taken from the literature that has been
carried out with the abatement technologies of the years between 1997-
2011, which were only able to remove a certain amount of the emissions
(from 80 to 99%). As the abatement technologies improve, the reference
values would need to be updated. The exergy losses caused by the land use
is based on the exergy that becomes unavailable to the ecosystem because
of the occupied land area for the system. The exergy loss caused by land
use is calculated by the multiplication of average solar irradiation dropped
to the occupied area with the efficiency of capturing solar energy via
photosynthesis and the amount of exergy per amount of sunlight. The study
also investigated a case study of power generation with a coal-fired power
plant and the integration of ORC and LNG evaporation systems for
utilizing the waste heat of the power plant. The sustainability assessment
included economic, environmental and social aspects and a comparison of
the results for varying TCEXL has been carried out. The results showed
that exergetic losses of the system inversely affect all of the sustainability
scores, but have a much higher impact on the economic indicators. The
method was also utilized in Stougie et al. (2018) for the sustainability
assessment of power generation from biomass with environmental aspects.
Bioethanol, anaerobic digestion and supercritical water gasification
systems were assessed using the calculated exergetic sustainability and
ReCiPe scores. The results of the environmental and exergetic
sustainability assessments showed that the bioethanol system can be
preferred among the other options, but the difference in the scores was not
large.

ORC systems are one of the widely adopted technology for WHR.
The system can be integrated into many applications, such as cogeneration,
tri-generation and stand-alone plants as an electrical power generation
option. Because the ORC is still an emerging technology, studies for ORC
system utilization have been increasing in the last few years. Baral et al.
(2015) studied the thermoeconomic performance of solar organic Rankine
cycle (SORC) systems. They investigated the sustainability development
through SORC systems by comparing the saved petroleum for electricity
generation with petroleum-based plants. Exergy based sustainability was
also investigated in this study to assess the most sustainable system
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configuration for different solar source temperatures of the SORC system,
which is concluded as higher solar source temperatures give better
sustainability index results. Ataei et al. (2015) investigated the
thermodynamic performance and exergetic sustainability of simple,
regenerative, recuperative, and combined ORC systems with R113,
RC318, iso-pentane and n-hexane working fluids. They concluded that a
combined regenerative and recuperative ORC system with n-hexane
working fluid showed the best performance among the examined
configurations. The results also showed that the sustainability index of the
ORC system slightly increases for reducing ambient temperatures. A
research group from Nigeria published a set of environmental and
exergetic sustainability assessment studies of various ORC configurations
for varying operating system parameters (Abam et al. 2017; Abam et al.
2018a; Abam et al. 2018b; Abam et al. 2018c). These studies mainly
focused on the exergy efficiency and exergy destruction rates of ORC
system components at varying evaporator pressures, turbine inlet
temperatures and heat source temperatures. The research group also
investigated the performance of different organic working fluids for
varying operational parameters. They also presented comparable results for
exergetic sustainability assessment of the ORC systems by calculating the
waste exergy ratios, environmental effect factors, exergetic sustainability
indexes for different ORC working fluid and operational parameters.

The sustainability of different ORC system configurations for
marine vessels was also investigated from exergetic, economic and
environmental points of view. Kalikatzarakis and Frangopoulos (2015)
carried out a multi-criteria evaluation of different ORC system
configurations that are designed for a large marine vessel and using the
waste heat of the main diesel engine’s lubricating oil, jacket cooling water
and charge air cooler as the heat source. Economic criteria (initial
investment, net present value, dynamic payback period, and internal return
rate), environmental criteria (CO,, NOy, and SOx) and technical criteria
(power output, total energy efficiency, and total exergy efficiency) were
evaluated to find out the optimized system design parameters by
operational and design optimizations for achieving a better sustainability
performance with the ORC system. Tsougranis and Wu (2018) studied the
feasibility of power generation with ORC systems by using the thermal and
cryogenic waste heat energy of LNG powered marine vessels. The
proposed ORC system is a simple ORC design consisting of an evaporator
using the waste heat exhaust gas emitted from the main engine and a
condenser that utilizes the cold waste heat of LNG fuel as the cooling
utility before it is supplied to the main engine. Energy, exergy, economic
and sustainability assessment analyses were carried out for single-stage
and two-stage regenerative ORC system configurations utilizing organic
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working fluids with low melting points. They calculated a payback period
of 4 years for both configurations. The results showed that ethylene (C>Ha)
working fluid performs better for condensing pressures above 1.1 bar. The
sustainability assessment results for C;Hs working fluid indicate a 12.1%
higher sustainability index value for two-stage regenerative ORC
configuration in comparison with single-stage regenerative ORC
configuration. Jankowski and Borsukiewicz (2020) defined another
exergetic sustainability indicator, which they called the exergy utilization
index (XUI). The index is used to indicate how much of the heat source
exergy is utilized. As the heat source outlet temperature gets closer to the
ambient temperature, the XUI is maximized, which is also resulted in a
minimization of the exergy waste to the environment. A parametric study
was carried out in their study to reveal the relationship between XUI and
other exergy based indicators for an ORC system utilizing geothermal
energy. Higher values of XUI increased the exergy-based indicators as
expected. However, the payback period of the system is minimized
between 60-80% XUI values for the optimal operating conditions of the
ORC system.

The literature review shows that the exergetic sustainability
indicators have been well introduced and the related studies were mostly
applied for industrial-scale applications of energy systems. Although
marine vessels are subjected to increasing demand for energy efficiency
improvements, exergetic sustainability assessment for those energy
efficiency improving techniques still lacks in the literature. The increasing
number of these studies would provide comparable data for implementing
systems to marine vessels with better sustainability performance.

3. METHODOLOGY

The literature review shows that the exergy analyses and exergetic
sustainability indicators have been successfully implemented as a tool to
assess the sustainability of energy systems. In the present case, an ORC
integrated HEN design proposed by Konur et al. (2020) for multiple heat
sources located on a 1,221 TEU container ship using real data sets of the
vessel is utilized to assess the exergy-based sustainability of reference
vessel with the proposed HEN design. The exergy analyses have been
carried out using the verified thermodynamic model in the study of Konur
et al. (2020). The layout of the proposed ORC integrated HEN (heat
exchanger network) design of the reference ship’s heat collection system
and ORC system is shown in Figure 3.
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Figure 3: Layout of The Integrated Optimal HEN and ORC System for
The Reference Ship
Source: Adapted with permission from Konur et al. 2020. Copyright
2020, John Wiley and Sons. License number: 5104801401995.

The exergy-based parameters for a system or equipment reveal how
their operating conditions and system characteristics affect sustainability
(Balli and Hepbasli, 2014; Turan et al. 2014). Some examples of exergetic
sustainability indicators can be given as exergy efficiency, waste exergy
ratio, recoverable exergy ratio, exergy destruction factor (depletion
number), environmental effect factor, exergetic sustainability index,
sustainability index, exergy utilization factor, lack of productivity, relative
irreversibility, and exergo-emission indicator. These indicators are used to
quantify the sustainability of a system or equipment. In addition, the
quantified data assist decision-making processes for further increase in the
efficiency of the system or the equipment and more environmentally
benign and sustainable solutions (Turan and Aydin, 2016; Maniali and
Silveira, 2015).

The exergy analyses results are used to derive exergetic
sustainability indicators, which show the sustainability levels and
improvement potentials with the utilization of the proposed ORC
integrated waste heat recovery system design. The sustainability indicators
of exergy efficiency, waste exergy ratio, environmental effect factor,
environmental destruction coefficient, exergetic sustainability index,
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sustainability index, and improvement potential are investigated in this
study. The analyses are carried out for the propulsion engine loads of 100,
75, 50, and 25% MCR (maximum continuous rating) for nine different
environmentally-friendly working fluids of as given in Table 1 to assess
the most sustainable option for the proposed ORC system design.

Table 1: Properties of The Selected Organic Working Fluids
R1234ze(Z) R245fa R600 R236ea Isobutane R236fa R152a R134a R1234yf

GWP? <1 1,030 4 1,200 3 9,400 124 1,430 4
ODP? 0 0 0 0 0 0 0 0 0
?;HRAE A2L Al Al Al A3 Al A2 Al A2L
Critical

Temp. 150.1 154.0 152.0 1393 134.7 1249 1133 101 94.7
O

Critical

Press. 3,533 3,651 3,796 3,429 3,640 3,200 4,520 4,059 3,382
(kPa)

*GWP: global warming potential, relative to CO.,.

"ODP: ozone depletion potential, relative to R11.

°‘ASHRAE Standard 34 - Refrigerant safety group classification. 1: Non-flammable; 2L: Mildly
flammable; 2: Lower flammability; 3: Higher flammability; A: Lower toxicity; B: Higher toxicity.

Source: Refrigerant Report, 2020; Linde Industrial Gases, 2021.

Exergy based sustainability assessment of the proposed ORC
integrated WHRS for the reference container ship is carried out using
Equations 1-7 (Aydin, 2013; Turan and Aydin, 2016; Tsougranis and Wu,
2018; Chowdhury et al. 2020b; Jankowski and Borsukiewicz, 2020):

. Total useful exergy output
Exergy efficiency, n_ = S 4 @)

ex Total exergy inlet

Total exergy destruction + Total exergy loss (2)

Waste exergy ratio, WER =

Total exergy inlet

WER

Environmental effect factor, EEF = - 3)
Environmental destruction coefficient, EDC = i 4)
Exergetic sustainability index, ESI = $ &)
Sustainability index, SI = - (6)

Improvement potential, IP = (1-n_ )-(Exergy inlet-Exergy output) (7)
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4. EXERGY BASED SUSTAINABILITY ASSESSMENT
RESULTS OF THE ORC INTEGRATED WHRS FOR THE
REFERENCE CONTAINER SHIP

In this section, exergy based sustainability assessment of the
proposed ORC integrated WHRS for the reference container ship is carried
out using Equations 1-7. It is aimed to provide exergetic sustainability
indicators for assisting decision-making processes of ship owners, engine
and ORC system manufacturers that consist of decisions of implementing
the proposed system design and which performance parameters should be
used to achieve a better sustainability performance.

As one of the sustainability indicators, the exergy efficiency of the
proposed ORC system design has been calculated in the study of Konur et
al. (2020) using Equation 1 as an output of the conducted exergy analysis.
The results have been given in Figure 4 for varying ORC evaporator
pressures and different types of ORC working fluids.

1

——R12342¢(Z)
= R245fa
R600
R236ea
——Isobutane
~——R236fa
~——R152a
——R134a
e R1234yf

Exergy Efficiency [-]

1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
ORC Evaporator Pressure |kPa|

Figure 4: The Effect of Evaporator Pressure and ORC Fluid Type on The
Exergy Efficiency of The System
Source: Adapted with permission from Konur et al. 2020. Copyright
2020, John Wiley and Sons. License number: 5104801401995.

Waste exergy ratio (WER) is defined as the ratio of total waste
exergy to the total exergy inlet of the system. Total waste exergy is found
as the sum of total exergy destruction from the ORC system and heat losses
to the surroundings as in Equation 2. Total exergy inlet to the ORC system
is the exergy inlet from the ORC evaporator to the ORC system. The effect
of ORC evaporator pressure on WER for nine different working fluids are
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investigated and the results are presented in Figure 5. It can be deduced
that WER is inversely related to the exergy efficiency of the ORC system.
The maximum value of WER is obtained as 89.5% for R1234yf at 1,000
kPa, which shows the worst performance following the results obtained
from the energy and exergy analyses. The WER is minimum for
R1234z¢(Z) at 3 MPa with the value of 10.6%, but R245fa starts to perform
better for ORC evaporator pressures less than 1,600 kPa.

100%
()00/0

&
= 80%
< 70%
g 60%
(-4
~. 50%
=11}
5 40%
L
= 30%
£ 5p0
Z 20%
Z 10%
0%
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
ORC Evaporator Pressure (kPa)
——R1234z¢(Z) =——R245fa ——R600 R236ea =—Isobutane =———R236fa =—=R152a =———R134a =——R1234yf
Figure 5: WER Values Obtained for Different Evaporator Pressures and

Working Fluids

Environmental effect factor (EEF) indicates whether the energy
conversion system gives harm to the environment. EEF of a system is
expected to increase with increased waste exergy output and reduced
useful exergy output. EEF values for the proposed ORC integrated WHRS
are calculated using Equation 3. The environmental destruction coefficient
(EDC) is inversely proportional to the exergy efficiency of the system as
can be seen in Equation 4. EDC shows a similar pattern with the EEF as
they are both affected by the exergy efficiency. In the sustainability
perspective, EEF should be as close as to 0 (zero) that indicates the waste
exergy of the system is minimized however, EDC values can vary between
1 to infinity and a system with EDC of closer to 1 will result in more
sustainable operation. The EEF and EDC values calculated for the
proposed system design are depicted in Figure 6 and Figure 7. R1234ze(Z)
and R245fa working fluids show good environmental performance in this
design with EEF values of 0.167 and 0.174 at the selected operating
pressure of 2,400 kPa, respectively. EDC values are calculated as 1.666
and 1.173 at the same conditions. The environmental effects can be further
reduced with the increased evaporator pressure.
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Figure 6: EEF Values Calculated for Different Evaporator Pressures and
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Figure 7: EDC Values Calculated for Different Evaporator Pressures and
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The exergetic sustainability index (ESI) and Sustainability index
(SI) are among the most used exergy based sustainability indicators that
indicate the degree of sustainability. ESI and SI work in a similar
correlation as between EEF and EDC. ESI is the inverse of EEF as given
in Equation 5; thereby directly affected by the exergy efficiency of the
system. ESI varies between 0 and infinity, while SI values are between 1
and infinity according to Equation 6. As the system efficiency gets higher,
lower waste exergy ratios and environmental effects as a result higher SI
and ESI are achieved. The calculated ESI and SI values are given in Figure
8 and Figure 9, respectively. The maximum ESI and SI values are obtained
from R1234ze(Z) at 3,000 kPa at the value of 8.435 and 9.435. For the
selected operating pressure of 2,400 kPa and working fluid of R245fa, the
calculations show ESI and SI values of 5.764 and 6.764.

- =2 +
— = . L

. ®

Exergetic Sustainability Index (ESI)
e
b

.
-

SO m =N AR AN NN %0
ShhothohothobhothoUbhhothholUn
1

8 + E ¥ ¥ ‘:-

800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
ORC Evaporator Pressure (kPa)

—R1234ze(7) » R245fa » R60D » R236ea » Isobutane » R236fa = R152a » R134a — R1234vf

Figure 8: ESI Values Calculated for Different Evaporator Pressures and
Working Fluids
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Figure 9: SI Values Calculated for Different Evaporator Pressures and
Working Fluids

Improvement potential (IP) shows how much more work could have
been generated by the given exergy input to the system. IP indicator
depends on the exergy efficiency with the exergy inputs and outputs as can
be seen in Equation 7. The difference between the exergy inlet and output
is constant at each engine load category for varying working fluid types
because the heat flow to the ORC evaporator is limited by the target
temperatures of the thermal oil side. It means that the higher exergy
efficiency values lead to lower IPs as illustrated in Figure 10. As the engine
load increases, the exergy input to the ORC system also increases and
leaves more improvement potentials for each working fluid type.
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Figure 10: IP for Different Engine Loads and Working Fluids at ORC
Evaporator Pressure of 2,400 kPa

S. CONCLUSIONS

In this study, the sustainability of the ORC integrated WHRS design
is assessed using exergetic sustainability indicators of WER, EEF, EDI,
ESL SI, and IP. The assessment was also carried out for organic working
fluids among different environmentally friendly alternatives and a proper
evaporating pressure by using parametric analyses. The minimum WER is
obtained from R1234ze(Z) at 3 MPa with a value of 0.106. R1234ze(Z)
and R245fa working fluids show good environmental performance for the
proposed system design with EEF values of 0.167 and 0.174 at the selected
operating pressure of 2,400 kPa. The maximum ESI values are obtained
from R1234ze(Z) and R245fa at 3,000 kPa at the value of 8.435 and 8.154,
respectively. The ESI value R245fa at 2,400 kPa is calculated as 5.764. As
the engine load gets higher, more IP is left out from the system. In addition,
IP reduces with the increased exergy efficiency as expected.

This study aims at indicating comparable quantified data with the
assessment results that show sustainability improvement potentials if the
ORC integrated WHRS design. The sustainability assessment is carried out
using the exergetic sustainability indicators to indicate the sustainability
level of the proposed system with normalized indicators. The sustainability
assessment results will be beneficial at justifying an energy policy for
policymakers, determining the impact of waste energy and exergy to the
environment with and without the proposed system, and encouraging the
ship owners to the utilization of ORC integrated WHRSs for marine
applications as an environmentally benign option.
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