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LOW TEMPERATURE ORGANIC RANKINE CYCLE FOR A EUROPEAN RO-
PAX VESSEL

Applying a method for working fluid selection in the context of European and mar-
itime constraints while maximizing cost performance

DER NEDERLANDEN, ODLUND
Department of Shipping and Marine Technology
Chalmers University of Technology

Abstract

In this study a method for determining a suitable working fluid for a potential ORC
installation recovering waste heat from the high temperature cooling water system
on board the RoPax vessel Stena Scandinavica is applied. This study is based on
an exhaustive investigation into previous research in this area of thermodynamics
and engineering. The working fluids are evaluated for their potential output, perfor-
mance, safety and their economic and environmental performance. These evaluation
criterias are matched with this study’s intended application on board a european
merchant marine vessel. The results of this study found that one such installation
is substantially more profitable both from an economical and environmental per-
spective. The study found that the newer fourth generation working fluids such as
R1234ze(E) performed very well in the evaluation and are good candidates for a
low temperature ORC plant at sea. One other conclusion drawn by this study is
that working fluids with a high GWP value generally out perform the newer less
environmentally impactful working fluids. The theory behind and application of this
method is also in detail described in this study.

Keywords: Organic Rankine cycle, waste heat recovery, working fluid selection,
energy efficiency
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Sammanfattning

Den hér fallstudien tillimpar en metod for att finna ett ldmligt arbetsmedium for
att ur en potentiell, lagt tempererad, spillvirmekalla atervinna anvandbar energi
med hjalp av en ORC installation ombord RoPax fartyget Stena Scandinavica.
Studien &r baserad pa insamlingar och analyser av tidigare arbeten och forskn-
ing relaterat till omraderna kring liknande termodynamik och spillvirmeatervin-
ning. Lampliga arbetsmedier utvéirderas efter deras potentiella effekt, prestanda,
sikerhet och deras ekonomiska och miljomassiga prestanda. Urvalskriterierna pas-
sas till det tankta tillimpningsomradet, ombord RoPax-firjan Stena Scandinavica
med tillhérande regelverk och praktiska mojligheter. Studiens resultat visar att en
eventuell framtida ORC anldggning kan innebédra patagliga potentiella vinster ur
bade miljoméssig och ekonomisk synvinkel. Resultatet av studien antyder ocksa
att ndgon av de modernare arbetsmedierna, exempelvis R1234ze(E), ar goda kandi-
dater for en ORC installation med laga arbetstemperaturer och darmed tillampbara
for atervinning av spillvirmen i marina HT-system. Studien kan dven dra slutsat-
sen att beprovade arbetsmedier med hogt GWP-virde generellt presterar battre &n
miljévinligare arbetsmedier. Aven de termodynamiska teorier och samband som
ligger till grund for tillampningen av den har metoden beskrivs i rapporten.

Nyckelord: organisk rankinecykel, spillvirmeatervinning, utvardering varmebarare,
energieffektivisering
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1 Introduction

Energy optimization in the marine merchant industry has always been of interest
because higher efficiency reduces costs and lower costs means higher profit margins.
This is even more important today because of the rising bunker oil prices (Krichene,
2008) and stricter environmental regulations (IMO, 2015)

This study will examine the economic and environmental profit of harnessing one
unutilized energy source on board merchant maritime vessels. The main engine
cooling water, where about 5% - 7% (Kuiken, 2012) of the total chemical energy in
the fuel is rejected and eventually dissipated to the sea. Until recently this waste
heat energy have been inaccessible for the purpose of generating electricity due to its
low temperature of about 85 degrees Celsius (Kuiken, 2012). It is now possible with
modern working fluids and the organic Rankine cycle to generate electricity (Hung
et al., 2010) by accessing this previously unutilized waste heat energy to increase
overall plant efficiency and lower generator fuel costs.

Stena Lines is currently developing an energy optimization program for their mer-
chant fleet, introduced in the year of 2005 as their energy saving program, ESP
(Stena Lines, 2015). This case study is a diploma thesis suggesting further energy
optimization on board using organic Rankine cycle (ORC) to recover waste heat
from the main engines high temperature cooling water systems.

1.1 Questions

Can waste heat be recovered from the High Temperature (HT) cooling water system
utilizing modern working fluids and ORC to convert waste heat into electricity be
beneficial on a marine merchant vessel?

The main question is divided into three main objectives:

o This study aims to find suitable working fluid candidates for a potential ORC
installation on board Stena Scandinavica,

o find a method to rank those working fluid candidates and

» cstimating potential energy saving for one such ORC installation
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1.2 Purpose

The main purpose of this case-study is to examine the profit potential in recovering
waste heat from the high temperature cooling water system on board a marine
merchant vessel utilising the organic Rankine cycle (ORC) to generate electricity.

1.3 Delimitations

The available heat in the HT system varies depending on the type of ship analysed.
Therefore this study is delimited to ships with approximately the same available
heat. The study will focus on systems with main engines of medium speed four stroke
type, which are common in the marine RoRo- and RoPax sector. The propulsion
plant of Stena Scandinavica will be the model for this case study.

Possible working fluids are limited with regard to present and upcoming environ-
mental and safety regulations in the marine sector. Operational data from Stena
Scandinavica is used.



2 Background

Chapter two presents the main components and working principles of a simple ORC-
plant. A brief overview of the working fluid’s impact on the plants design and
performance is also presented.

2.1 ORC technology and applications

The organic Rankine cycle is comparable to the more common Rankine cycle which
utilizes steam as its working fluid; instead the organic Rankine cycle utilizes an or-
ganic working fluid. By definition an organic fluid is a fluid that is mainly composed
out of carbon.

The main components of the basic ideal Rankine cycle and also the ideal organic
Rankine cycle are: the evaporator where the heat source exchanges heat energy with
the working fluid, causing a phase change from liquid to vapour. The expander,
where the vapour is expanded, and where pressure and heat energy is converted to
work. The condenser is where the expanded vapour is condensed to the liquid phase.
The working fluid pump circulates and pressurises the condensed fluid in the cycle.

The heat source can be a liquid or gas with enough heat energy to overcome the
losses incurred by the pump, expander and pressure drop. If the overall losses of
a system is greater than the available energy in a heat source the heat source can
not be utilized for a ORC. This study focuses on the HT cooling water system for
a medium speed four stroke diesel engine, part of a marine propulsion plant as the
heat source. For this study the existing LT-system onboard Scandinavica has been
chosen. The cooling source is relevant since a realistic cooling temperature is needed
for the plant to function satisfactory. The cooling source should also be realistically
available to all common marine engine plants.

With ORC plants the heat source will govern the available selection of working
fluids. Because of the thermodynamic properties of different working fluids some
are better suited for low temperature heat sources, such as the HT cooling water
system at around 90 degrees Celsius. Because of this, careful consideration of the
working fluid is paramount. This is because the thermodynamic properties of the
chosen working fluid will dictate the final design and efficiency of the ORC plant,
at the given temperature (Invernizzi, 2013).
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Figure 2.1: Description of a general organic Rankine cycle plant with expander,
working fluid pump, condenser, evaporator and recuperator.

The selected working fluid and heat source determines the plant pressure. This
is of great importance because higher pressures will increase costs and potential
risks. The plant pressure is especially important for marine applications where
high pressure vessels will need to be classed and regularly inspected which further
increases the life cycle cost of the ORC plant (DNV, 2003).

Most working fluids chemical composition will cause a high greenhouse gas potential
index. Consequently environmental regulations will further delimit which working
fluids are possible for a marine ORC plant. The requirement for marine closed power
cycle instalments differs from industrial plants ashore (Bertrand et al., 2008).

Previous research have mainly focused on land based applications such as solar
and geothermal power generation (Vélez et al., 2012) This marine perspective of
this study is further limited in its selection of fluids considering specific marine
regulations concerning fluids with high greenhouse gas potential index.

Using ORC to recover waste heat is yet not very common in the marine sector and
the HT-system is a quite utilized waste heat source. But installations of the kind
that this study evaluates has been done on board other vessels which insinuate that
the idea of the plant installation is very much realistic (Siuru Bill, 2013).
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Figure 2.2: This figure depicts a schematic overview of the HT cooling water
system on board Stena Scandinavia. This is the system the study evaluates its
prospective working fluids against.

2.2 Main Components of an ORC plant

The dimensioning of the ORC plant depends on the working fluids requirements and
so forth the working fluid also determines the plants initial cost since different plant
components means different purchase prices.

2.2.1 Evaporator and preheater

There are various options for choosing the evaporator and preheater for the ORC
plant. Major parameters of the heat exchangers of this study are engine room layout
and the total heat exchanging areas. Careful consideration should be done when
selecting optimal heat exchanger since its major impact of the total initial cost for
the plant is significant (Quoilin et al., 2013).

When installing a WHR system, the WHR must not interfere with the main process
of the heat source. This should not be a problem on board Scandinavica since the
system already consists of a regulating mixing valve to maintain ideal temperature
in the main engine HT system. Recovered heat by the ORC plant is to be considered
as free energy for this matter since this energy would otherwise have been rejected
to the LT system and ultimately to the sea.

Because of the rate of heat transfers for the different working fluids the size of
the evaporator will be different to extract the same amount of heat from the heat
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source. If we correlate the size of the evaporator, i.e. the area, we get a good
approximation of the relative price. Meaning that some working fluids will result in
a higher initial investment cost for the evaporator relative to other working fluids
for the same amount of heat extracted. For the evaporator to be able to withstand
greater pressure, the thickness of the material in the evaporator will have to be
increased. Because of this the working fluid able to extract the same amount of
heat at a lower pressure would decrease the cost of the evaporator and is therefore
preferred (Bertrand et al., 2008).

2.2.2 Expander

The selection of expander influence both the capital cost and the return of investment
for a plant design. The factors that determine these concerns are the expanders
size which correlate to its cost and its efficiency which influence the plants power
production i.e. its earnings potential. Because of this great care in needed to be
taken when considering the balance of investment to power production.

Various options for the expander application are available and selecting the proper
expander depends on the expected system power output and the working fluid used.
Previous research has shown that for high capacity plants, fifty to five hundred
kilowatts and good post-expansion vapour quality, a radial inflow turbine to be a
good candidate because of its high isentropic expansion efficiency. The radial inflow
turbine is not suitable for small plants due to its high capital cost (Bao and Zhao,
2013).

For low capacity plants, one to ten kilowatts, the scroll expander is a good candi-
date. Because of its relatively low rotational speed which reduces the expander’s
complexity with regard to the manufacturing tolerances, the capital cost is reduced
compared to the radial inflow turbine.

Between the high cost radial inflow expander and the low cost scroll expander is
the screw expander. The screw expander is suitable for plants in the capacity range
between fifteen to two hundred kilowatts. The main disadvantages of the screw
expander are the relatively more difficult manufacturing and sealing.

The main advantage of the scroll and the screw expanders is that relatively wet
expansion is possible. When plant limitations don’t allow for enough superheating
of the working fluid the radial inflow turbine may be damaged when the working
gas has a high liquid to gas ratio at the end of expansion (Bao and Zhao, 2013).

2.2.3 Condenser

According to the first law of thermodynamics, as the plants efficiency increases the
need by the condenser to reject heat decreases. This means that a smaller area of
the condenser is needed for rejecting the heat if the plant is highly efficient. An
example: For two plants, one have a high efficiency and the other have a lower
efficiency. The available heat, evaporation and condensation temperature are equal
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for both plants. The plant with the lower efficiency would require a greater area to
be able to reject the higher part of the available heat that was not converted into
useful work. This means that the more efficient plant is able to reject its, relative to
the less efficient plant’s, unutilized heat through a relatively smaller heat exchanger.

2.2.4 Working fluid pump

The working fluid pumps function is to induce the mass flow rate in the system.
To do this work the pump requires power which will have to be deducted from
the produced power of the plant. Because of this the isentropic efficiency of the
working fluid pump and the required mass flow of the system are of great importance.
Particular carc is of great importance when selecting matching pump and working
fluid. For a given heat source which you want to extract the maximum amount
of useful work the working fluid which is able to extract that amount of work at
the lowest mass flow will have the lowest loss to pump work and thereby increase
the plants overall efficiency. Because of the low required mass flow of the optimal
working fluid candidates: its working fluid pump will also be the most cost efficient
one in terms of capital investment. Pump power rating correlates with its capital
cost.

In virtue of the diaphragm pumps innate tightness due to its design it has so far
been the preferred pump for commercial ORC plants. This is because fluid loss to
leaking is both economically and environmentally costly (Quoilin et al., 2013).

2.3 Various working fluids

Working fluids can be subdivided into three main categories: isentropic, dry and wet.
The main difference between these categories is the vapour state after expansion.
This is visualized by the temperature-entropy diagram (T-s). The fluids saturation
line’s slope after the critical point is positive for dry working fluids, negative for wet
working fluids and rectilinear for isentropic working fluids.

2.3.1 Characteristically isentropic working fluid

When the working fluid is expanded along the saturation line of an isentropic working
fluid such as R11, the change in entropy is zero. This is ideal and results in a high
conversion of the vapour’s potential energy to kinetic energy id est. high efficiency
as defined by the second law of thermodynamics.

2.3.2 Characteristically dry working fluid

A dry working fluid as mentioned has a retrograde saturation curve after the critical
point this means that during expansion the vapour will expand in to the super-heated

7
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regain. At the end of expansion the working fluid is still in a vapour state and needs
to be condensed in to a liquid state in order to be pumped. This condensation
removes heat from the system that for an isentropic fluid could otherwise have been
converted to kinetic energy id est. work by the expander.

If the working fluid is dry some of the residual heat from the super heated gas
after the expander can be recovered by a recuperator. The recuperator preheats the
working fluid before the evaporator.

2.3.3 Characteristically wet working fluid

For working fluids like water, methanol etc., which are counted for as wet working
fluids, a need for superheating the media is required before entering the expander.
Unless the media is superheated, there is a risk for moisture in the expander. This is
why wet working fluids are not suitable for low temperature ORC with a low power
output (Bertrand et al., 2008).

2.4 Theory

The theoretical model for organic Rankine cycle is described and defined in the
following sections.

2.4.1 The ideal organic Rankine cycle

P A  Pressure(P)-Entalphy(h) diagram
For a sub-critical dry working fluid

Critical point

Figure 2.3: Schematic diagram of the interesting points in the organic Rankine
cycle, using a dry working fluid in this example.
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Table 2.1: State changes in relation to figure 3.
Working principles of the ORC

State Process Components

1 — 2s | Isentropic expansion Ideal Expander

1 — 2 | Real expansion Expander

2 — 3 | Isobar heat flow out Condenser

3 — 4s | Isentropic compression | Ideal working fluid pump
3 — 4 | Real compression working fluid pump

4 — 1 | Isobar heat flow in Evaporator

a Condensation point Condenser

b Evaporation point Evaporator

2.4.2 Component analysis

This section defines each of the ORC components thermodynamic models.

Expander

Work produced by the expander.

Wexp - mwf : (hl - hZ) - mwf * Nexp * (hl - h2s) (21)

Power produced by work

Pnet = Wea:p "NMGEN — Wwfp (22)

Condenser

Heat rejected by the condenser

Qcon - mwf : (h2 - h3) - mcw . (hc2 - hcl) - mcw . CpLT . (TCQ - Tcl) (23)

Evaporator
Heat to the evaporator

Que =g - Corr - (Tare — Tars) = 1wy - (hy — hy) (2.4)

The evaporation of the working fluid may be divided into three stages:

Que = Quei—b + Quisb—e + Qe (2.5)

Whereas Qe is the preheating (ph) stage, Qmp—e is the evaporation stage (e),
and ._; is the superheating (sh) stage.
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Figure 2.4: A model of the evaporator.

Working fluid pump

Work required by the working fluid pump; 7., being the isentropic efficiency

x mwf(h4s - h3>

Wasp = 1y (ha — hs) = (2.6)
T fp

Net produced effect

Wwfp)

Pnet = We;c - (
. Tho fp

(2.7)

2.4.3 Working fluid analysis

Careful consideration when selecting a working fluid is essential for optimal plant
design and dimensions. The working fluid?s specific heat capacity influences the
plants mass flow and what temperatures the plant needs to heat and cool the fluid
to gain the thermal work desired in the plant. Specific heat capacity is not constant
through the phase changes.

The specific heat capacity each end of the evaporator for the working fluid may be
defined as:

(Cp1T1 - 91—4)

- (2.8)

Cp4 =

10
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_ T.
o = W (2.9)
1

As found by (Bao and Zhao, 2013) that and increase of the expander outlet working
fluid density will lead to a smaller size expander. This is shown by the following
relationship which relates the size SP to the volym flow rate and the isentropic
enthalpy change over the expander.

mou ou
§p — VMot Pont (2.10)

(AR

2.5 Cycle analysis

According to the first law of thermodynamics, the total conversion of heat to work
is for an ideal ORC be expressed as

QME + Wwfp = Wezp + ch (211>

Where to heat flow into the ORC is Q ME

Qure = Wexp — Wwfp + Qew = Mg - Cour - ATyr (2.12)

The generators electrical power out put P,

Pnet = Wea:p *TNGEN — Wwfp *Nwfp = (QME - ch + Wwfp) *TNwfp " NGEN — Wwfp *Twfp
(2.13)

2.6 Working fluid economics

The required area for the heat exchangers a variable influenced by the selection of
the working fluid. This is because of the thermal conductivity of the working fluid is
inversely proportional to the area of the heat exchanger as stated by Fourier’s law.
Also the area of the heat exchanger is proportional to the costs of purchasing the
heat exchangers e.g. the evaporator and condenser.

Some of the potential working fluids have toxic, corrosive and flammable properties.
When handling these fluids special care is required, this means more expensive
equipment and training (Bertrand et al., 2008).

As noted by (Wong et al., 2013) the expander can make up to about half of the
total component costs for an ORC installation. This means that special care when
considering an expander should be taken. It has also been found that for small

11
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output plants, less than 100kW, a twin screw expander to be a good alternative.
(Leibowitz et al., 2006)

Other costs can be divided into three subcategories: the cost of the components,
maintenance costs and installation costs. Costs for refilling the system are neglected
since the system is meant to be closed. Further on some of these costs are to be
considered independent of the working fluid, e.g. technician courses, wiring schemes,
drawings to name a few. These costs will not specifically be evaluated of the working
fluids performance.

2.7 Environmental regards

In 1974 the discovery was made that chlorofluorocarbons are stable enough to reach
Earth’s ozone layer in the stratosphere and ultimately destroy Earths protection
against UV rays. Since then a number of international and national agreements and
installations have been found to prevent this from happening. Consequently many
working fluids that were working great in different heat plants have been phased out
and are so yet today. Global Warming is another environmental issue that needs to
be considered when selecting working fluid (Bertrand et al., 2008) (DiPippo, 2012).

12



3 Method

3.1 Introduction

This study is focused on one case in particular, the RoPax ferry Stena Scandinavia.
The study analyzes 9000 points of operations data representative of a fifty-eighth
day period trafficking Gothenburg - Kiel. This data is used to evaluate various
working fluids with possible profit potential as the main selection criteria.

3.1.1 Theoretical framework

To determine the dimensions of the components in an ORC cycle for a specific
working fluid, e.g. heat exchanger area, thickness etc. can be very difficult to
estimate. In the case of estimating the required area for the heat exchangers, the
area is dependent on the thermal conductivity of the working fluid as described
by the overall heat-transfer coefficient in Fourier’s law. Most of the working fluids
investigated in this study, their thermal conductivity which must be determined
practically for an accurate estimation (DiPippo, 2012), are undetermined. This
study will use the relationship between the working fluids expander outlet density
and expander size calculated in CoolProp (Bell et al., 2014) as an indication of the
ORC-plants dimensions. The higher expander outlet density of working fluid and
same amount of heat recovered means smaller dimensions required for the plants
expander, and also relative cost of the plant.

The work delivered by the plant in CoolProp will be used to estimate what reduc-
tion in the auxiliary engine’s bunker consumption is possible with this ORC plant.
The study also uses this to indicate a possible budget for installation of the plant
considering the kWh earned compared to current price of marine Diesel oil.

Due to difficulties finding heat data for Stena Scandinavia’s main engines, a similar
main engine has been assumed to produce a proportional amount of available heat
at equal load to the ones on Stena Scandinavica. The available heat is also assumed
to at least linear for loads lower than the reference. Stena Scandinavica is equipped
with 4 x MAN-BW 9L40/54 main engines. Due to the age of the engines appropriate
data needed for this study was difficult to find so a similar engine, Wértsila 9LDF50,
have been used to estimate ORC output.
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3. Method

First a model is defined utilizing the EOS in CoolProp for a fluid to solve for the
points in the cycle. Boundary conditions for cycle max and min pressure is defined
and cycle high and low temperature. A combination for each combination of sub
cooling and superheating temperatures combined with each working fluid available
in CoolProp’s fluid library is composed. The model is then iterated over for each
combination of sub cooling, superheating and working fluid to yield the net work and
the required working fluid mass flow for each combination. This result is sorted from
highest net work per working fluid mass flow and the top working fluid candidate
solutions is fathered manually evaluated for the conditions imposed by shipping in
Europe.

For the top working fluid candidates the effective operation time of the plant and
the parent system heat available is evaluated as a function of the main engine power
output data samples from Stena Scandinavia. This result is then used with the cost
per kWh to produce power with the auxiliary machinery. Combining the savings
from reducing the auxiliary machinery load, with a desired pay back time, the
maximum capital cost for the plant can be calculated.

3.1.2 Data from Stena Scandinavica

Data presented in this section was collected either on site or given by Stena Lines.

Produced energy of the ORC plant will be used to ease the auxiliary power pro-
duction on board, with reductions in Diesel oil (DO) consumption as a result. The
following data was collected from Stena Scandinavica for the auxiliary plant. Please
observe the data used in this study is collected in winter time.

Table 3.1: Power production and DO consumption of Stena Scandinavia November
2014 - February 2015

Mean power | Bunker . Mean bun.ker Mean SFOC
Month produced Consumption | consumption (g/KWh)
(kWh) (ke) (kg/24h) | *°
November | 685,583 183,548 6,118 267.72
December | 728,514 209,808 6,768 287.99
January 734,989 166,494 5,372 226.53
February 657,391 168,842 6,030 256.84
Total 2,806,477 728,692
Mean value 6,072 259.77

Stena Scandinavica’s main propulsion plant consists of four engines connected with
gear to two shafts with two engines each. The measured HT-water used in this study
was measured on the pressure side on one of these engines with 89°C and 2.9 - 3.4
bara pressure.

To evaluate the waste heat produced by the main engines; available to the ORC
plant, recorded propulsive power data from Stena Scandinavica was analysed. The
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3. Method

evaluation is made using fifty-eight days of operational data from Stena Scandinav-
ica. Estimations by this study are made with the data recorded on Stena Scandi-
navica.

From the operations data provided by Stena Line the power output for a main engine
for each sample point. From this the load for each data point was calculated. From
the sample loads a mean load for the sample time span was calculated.

With the care free assumption that heat output scale linearly, a scale factor was
calculated from the MAN engine rated power divided by the Wartsila rated power.

For each of the previously calculated ORC outputs for the model Wartsila machine
a scaled ORC output was calculated for the MAN machine using the mean load and
the scale factor.

3.1.3 Estimated values

This study encountered some difficulties collecting real data needed. This data has
been estimated in manners to be so close to circumstances onboard Stena Scandi-
navica as possible e.g. collected from very similar applications or industrial plants.

The documentations found for MAN-BW 91.40/54 main engines was unsatisfactory
why similar engine, Wértsila 9LDF50, has been used to evaluate ORC output and
then scaled to be realistic according to Stena Scandinavica engine output (Wértsil4,
2012).

Table 3.2: Data from Wartsila DF50 used to estimate heat source for ORC model

Data retrieved from Wirtsila DF50 manual used in study at 100% load

HT pump volume flow 160 m3/s
HT pump head 3.2 bara
HT regulating temperature 90°C

HT jacket water heat 1 620 kW

HT charge air cooling water heat 1 860 kW
Lowest ORC output temperature 70.6°C
LT regulating temperature 35°C

For the components efficiencies, values in table 3.3 have been assumed.

Table 3.3: Assumed efficiencies of the ORC plant’s components

Assumed efficiencies of the ORC' plant’s components
ORC working fluid feed pump | 70 %
ORC working fluid expander 80 %
ORC expander driven generator | 98 %

The maximum pressure in the ORC plant is set to 16 bara and the minimum pres-
sure is set to 1 bara. This corresponds to class I according to IACS (International
Association of Classification Societies, 2011).
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For the cost calculations the current, may 2015, Diesel oil bunkerindex.com rating is
assumed 632.62 $ per Mton. Considering the expected price development, this is a
conservative mean since Diesel oil prices are expected to increase during the lifetime
of a potential ORC plant (Krichene, 2008). For the CO, emissions reductions the
C'Oy content is assumed to be 0.25 kgCOy/kW h (Eia, 2015).

3.2 Selection of working fluid and dimensioning
of plant design

The main objective of this study is to find a solution that is most suitable considering
the constraint of this marine propulsive plant, we need to find what the best solution
is from an economical point of view. In this instance we want to maximize the capital
gain per expenses incurred by the installation: the cost effective performance. Both
these parameters can be defined as functions of the sclected working fluid. This cost
effective performance is determined by the work produced per heat transfer area as
defined by previous research done by (Li et al., 2012).

The selection of appropriate working fluids presented in this study have been eval-
uated using the C++ library CoolProp (Bell et al., 2014). The library implements
equations for both pure and pseudo pure fluid’s states and component’s transport
properties. Thermodynamic properties are evaluated using the Helmholtz energy
formulations.

Estimated and collected values in chapter 4.1.3 have been used in relation to the
theoretical circumstances presented in chapter 3 to simulate the case of this study.

The fluid’s performance has been ranked by net power time the expander outlet
density. This ratio indicates net power related to expander cost. This is because if
the fluid’s outlet density increases the expander size decreases as suggested by (Bao
and Zhao, 2013).

3.2.1 Power output

The power output by the plant with the Wsilgine at full load is first calculated
for each candidate working fluid. These values are then scaled down to the MAN
engine on Stena Scandinavica simply by finding the quotient of rated power for the
two engines. These scaled values are then further scaled by the Stena Scandinavica’s
mean load which is calculated from the operational data collected over a period of
fifty-eight days. This value is used to represent the mean expected power output by
each of the working fluid candidates.

These scaled down values are to be considered conservative since the MAN engine
is both older and running at a lower load. These conditions generally decrease the
engines efficiency and a relatively greater portion of the input energy end up as
waste heat in the cooling water system.
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3.2.2 Performance

The performance metric which this study ranks the candidate working fluids is a
proportional representation of cach working fluid compared to one and other, relative
power output per cost.

The relative cost indicator for this study is each working fluids density after expan-
sion which by (Bao and Zhao, 2013) indicates the size of the expander i.e. the cost
of the expander. Working fluids that exhibit a higher expander outlet density are
expected to require a relatively lower investment cost.

3.2.3 Environmental restrictions in the marine sector

CoolProp evaluates Global Warming Potential, GWP100, for all working fluids con-
sidered so GWP100 will be this studies first environmental criteria (Bell et al., 2014).

Other factors to be considered are the working fluids Ozone depleting Potential,
ODP, and Atmospheric Life Time, ALT. Environmental friendly fluids has increased
in popularity in this kind of plant because of the stricter international regulations
regarding refrigerants, e.g. Kyoto- and Montreal protocols. For example the refriger-
ants are characteristics of bad ODP and GWP, why both R-11 and R-12 are banned
from use by the Copenhagen Amendment to the Montreal Protocol (Bertrand et al.,
2008) (IMO, 2015).

In the selection of working fluids for this study the ODP and GWP is considered.
Selected working fluids will comply with current and upcoming regulations (Niles,
2010). Low GWP is however hard to define as noted by (Palm, 2013) it is still
uncertain which working fluids will be compliant in the long run, but a GWP of
under 150, as set by the European F-gas directive (Pavkovic, 2013), can safely
be considered at this moment and are expected to be allowed for the foreseeable
future. In Pavkovic’s article it it also mentioned that refrigerants that are currently
produced in the European Union may not contain any chloride. Because of this, the
study will only consider candidates with GWP under 150 and ODP of 0.

3.2.4 Safety and handling restrictions in the marine sector

Personnel safety when handling is important on ships as well as it is ashore, this
means that working fluids that are less toxic and less reactive are preferred during the
evaluation because when handling these fluids special care is required. Furthermore
a working fluid that is less flammable is also preferred because of the inherent dangers
of working with flammable liquids (Bertrand et al., 2008).

For example all hydrocarbon candidates for this study are lammable and that is a
disadvantage when selecting appropriate working fluid for this installation. Even if
a hydrocarbon may produce good work in the cycle and is highly available on the
market it may not be suitable for a marine ORC plant (DiPippo, 2012).
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Working fluids selected by this study are evaluated according to their Hazardous
Material Identification System values, HMIS. HMIS indicates the flammability (F),
physical hazard (P) and health hazard (H) requirements for each working fluid
(Association American Coatings, 2015).

Maximum risk potential for this studies working fluids are set as (Association Amer-
ican Coatings, 2015):

o Flammability (F): 2, this category includes fluids with a flashpoint in the range
of 38°C to 93°C.

 Physical hazard (P): 1, this category states fluids that are normally stable but
may self-react at high temperature. This category does not react violently
with water nor undergo hazardous polymerization in the absence of inhibitors.

o Health hazard (H): 2, the area where the ORC plant might be stationed is
an marine propulsive engine room area for a passenger ferry with constant
present personnel why a low health risk potential i required.

On ships, a fluid with a flash point lower than Diesel fuel, are not currently consid-
ered suitable by SOLAS. This means that working fluids in a flammability category
higher that Diesel fuel (category 2), i.e. flash point lower than 60°C, are not suitable
for use on board ships.

Considering the rise of LNG and other alternative fules with lower flash points,
which are currently being evaluated by rule makers. The possibility of using a more
flammable working fluid in the future may become a reality although currently it
is however not clear how these regulations will specifically apply to working fluids
(Ignazio, 2015).

3.2.5 Estimated environmental and bunker savings for Stena
Scandinavica

The net mean power calculated by the model directly reduces the needed power
production by the auxiliary engines.

The ORC plant needs the main engine running in order to produce power thereby an
estimate for ORC operational time can be made from the main engine operational
data set. Since Stena Scandinavica uses a shore connection and the ORC is only
operational when the main engines are running the ORC will not generate any
savings at port.

From the main engine operational data set the operational time of the main engines
are calculated to be 60.3% of total hours. If the ORC plant is assumed to be
producing mean power for the duration the main engines are running and a year is
defined as 8,760 hours, the yearly saving can be calculated.
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The Running hours of ORC per year is defined as Rhogc, the Auxiliary bunker cost
is defined as Bc,,, and the pay back time as PBT.

Yearly Savings = Outputype - SFOC 4y - Rhore - BCaua

For a desired pay back time for the highest ORC plant purchase and installation
cost can now be determined.

Highest purchasing cost(Yearly Savings)= Yearling Saving -PBT

An estimate for the potential carbon di oxide reduction per year is calculated. The
saved C'O, emissions per year, —COs/y, is defined as the amount COy emissions
saved by producing power with the ORC instead of an auxiliary generator set. The
COy content per Diesel oil combusted (Eia, 2015) is defined as COy/DO. This i
calculated.

-COy/y =CO2/DO - Rhore - Outputype

19



4 Results

In this chapter the top candidates determined by the model is presented. These
results are further discussed in chapter 6. From the top performing candidates, four

candidates that fulfill the HMIS, GWP100 and ODP for requirements are further
examined for relative economical evaluation.

4.1 Top performing candidates from evaluation

Table 4.1: Top performing refrigerant candidates

Candidate refrigerants and their calculated values sorted by performance

Working fluid F}?\VA‘;(SI Qutput Performance | GWP100 E%{TPS) ODP
R227EA 59.22 16.54 3220 1 00 -
RC318 72.59 16.42 10300 1 02 -
R124 73.19 14.25 609 1 110 0.022
R236FA 77.43 12.12 9810 1 01 -
R1234ze(E) 56.55 11.59 6 1 210 -
R12 43.40 11.58 10900 1 110 1
R114 79.08 10.32 10000 1 010 1
HFE143m 50.93 9.85 0 2

R142b 75.44 9.61 2310 1 110 0.07
R236EA 83.05 9.18 1200 - - |- -
R1234yf 33.26 8.80 4 1 210 -
R134a 34.75 8.19 1430 1 110 -
R218 14.57 7.91 8830 2 1)1 -
R152A 49.24 6.59 124 1 171 -
R245fa 80.82 6.18 1030 2 111 -
R1234z¢(Z) 82.15 6.16 0 1
R1233zd(E) 82.05 5.25 0 -
DimethylEther | 48.20 4.54 1 1 412 -
R21 61.17 4.31 151 - - |- -
n-Butane 80.91 4.10 3 1 410 3
SES36 77.56 3.46 0 Low | - | Low | -
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4.2 Environmental and safety evaluation

The four top performing working fluids from table 5.1 that meet the studies envi-
ronmental and safety criteria are presented in this table. Two extra working fluids
are also presented in the table for comparison reasons (R152A and R1234ze(Z))

Table 4.2: Suitable candidates for Stena Scandinavica

Suitable candidate refrigerants and their calculated values sorted by performence

. Power GWP | HMIS Ton CO2
Refrigerant output (kW) Performance 100 HFP 01D saved per year
R1234ze(E) | 56,55 11,59 6 1120 - 75
HFE143m | 50,93 9,85 0 2 - 67
R1234yt 33,26 8,80 4 112]10]- 44
R152A 49,24 6,59 124 1{1]1]- 65
R1234ze(Z) | 82,15 6,16 0 1 108

Observe these studies results are in accordance with this studies safety- environ-
mental and handling criteria described in section 3.2.3 and 3.2.4. Also noted in the
results are the loss in performance for using environmentally approved working fluid
over the top rated performing working fluid. E.g. R227TEA (GWP100 < 150) have
a superior performance of approx. 30 % higher than optional top rated R1234ze(E)
(GWP100 > 150).

4.3 FEconomical evaluation

Estimated savings calculations from section 3.2.5.

Table 4.3: Economical evaluation of the top performing candidates ordered by
performance

Saving estimates for top performing candidates
Power Yearly | Pay back | Highest purchasing
Refrigerant | output | Performance | savings | time cost for a specific
(kW) () (years) | pay back time (k$)
R1234ze(E) | 56.55 | 11.59 49,089 | 5 245
HFE143m | 50.93 | 9.85 44211 | 5 221
R1234yf 33.26 | 8.80 28,872 | 5 144
R152A 49.24 6.59 42,744 | 5 214
R1234ze(Z) | 82.15 | 6.16 71,312 |5 357

It is observed in the results that the working fluid with the less performance (e.g.
more expensive), R1234ze(7Z), is the most power generating one and so it is also the
most C'O, reducing one. Even so the performance indicates the investment cost of
each kW produced is higher, why R1234ze(E) may be a more attractive alternative
due to its relatively low purchasing cost for a specific pay back time.
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5 Discussion

Although ORC technology is not a new technology in worldwide power generating,
marine applications are not yet very common. This may be caused by the marine
industry being known as conservative but with future environmental demands and
needs for optimizing energy efficiency there might be a development for this tech-
nology even in the marine sector. It can be believed that the increasing demands of
green shipping and emission restrictions will push research for this WHR technology
forward. Pros for this technology development is the fact ORC plants already exists
in one for this study known merchant vessel supporting the results evaluated by this
study and, as said before, the heat source being as unutilized as it is now.

5.1 Discussion of method

The method used in this study is not optimal for determine the potential savings for
the ORC plant. Because the amount of assumptions required to produce workable
data, the validity of this model can certainly be questioned. For a real application
further investigation into these candidate working fluids are necessary, in particular
regarding regulations specific to shipping in Europe. For example we have set the
bunker price per MTon to be a fixed value which will not correspond with reality
for a very long time because of the general volatility of bunker prices. This will lead
to large deviations in the amount of actual savings.

When estimating the mean load for use the in the calculation of the ORC installation
expected mean power output. Data collected over a fifty-eight day period for a fairly
regular trade route was used for this mean load calculation. The study considers
this to be a fairly good representation of reality. This is because of the data’s high
resolution of a sampling rate of one shaft power readout per every ten minutes over
what this study consider to be normal operation of the ship. Thereby this study
consider this mean is to be a reliable representation of future expected power output.

This study has considered that the ORC plan would be operating at design point
during every hour of main engine operations. Naturally this is a simplification of
reality, but the authors believe that this has a negligible affect on the results. This
is because on review of the main engine data this off design point running time is
relatively a small part of the total running hours. For a more precise determination
of the power output more advanced calculations are required. These computation
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5. Discussion

would not be possible on this research groups available hardware in a reasonable
time frame.

Total plant installation cost is not adequately considered in this study for simplicity
reasons and for the difficulty in estimation. Examples of costs not evaluated are the
components individual costs, installation work and the actual cost of the working
fluids themselves. The total costs may also vary from a lot of considerations such as
manufacturer of components, what corporation hired for installation, the regulatory
development considering use of various refrigerants etc. For finding a more exact
total plant cost, further evaluation of a specific working fluid and corresponding plant
design should be individually evaluated, e.g. getting cost estimates by manufacturer.

5.2 Discussion of results

This study found that the ORC technology do look very promising from a economical
point of view, although further investigation is required. Environmental restrictions,
such as GWP100, has shown by this study leads to lower possible fuel savings.
Research and development of modern working fluid alternatives are recommended.

Results presented in this work is dependent on the data for one merchant vessel
with specific running data over a limited period and is therefore not to be necessary
applicable for any vessel. The output of the ORC is heavily dependent of vessel’s
specific running data and merchant route which need to be considered for evaluation
of possible plant investments on board other vessels.

The application of this technology is still quite young in the marine sector, which
indicates not to be hasty if considering instalment of this WHR system. But, on the
other hand, the technology itself is historically utilized in other energy generating
plants and is not very complicated. Combined with this studies results an application
of this technology in the shipping industry should not prove to be difficult and do
look like a promising alternative for greener and more profitable shipping in the
future.

In this study the performance was measured as a function of the net power output
by the potential ORC installation and the relative size of the expander unit. The
authors of this study were unable to find a reliably and extensive source for the
thermal conductivity of each of the fluids investigated. Thereby no approximation
of the relative size of the heat exchangers i.e. evaporator and condenser could be
made. If the thermal conductivity, or even a relative thermal conductivity, of more
fluids were available a more reliable performance metric could have been calculated.
This would certainly have increase the weight of this studies result.

Because of the absolute nature of environmental and safety regulations in Europe
considerable compromises are needed which results in sub optimal performance for
any potential ORC installation. The authors of this study do see the point of these
regulations but if some kind of dispensation for these kinds of installation were to
be an option, it would greatly improve performance. Considering that one of the
benefits of an installations of this kind is a reduction in green house gas emissions.
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5. Discussion

We believe that under the right circumstances and precautions a net decrease in
environmental impact could be achieved even with a high GWP working fluid.

Previous research in this field is primarily limited to on-shore applications, such
as solar- and geothermal power generation, which can be considered as an obstacle
for marine development. Subsequently more research aimed for the marine sector
would be of great interest if ORC technology is to be an applied WHR technology
on board the merchant fleet in the future.
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6 Conclusion

An ORC solution recovering waste heat from the main engine high temperature
cooling water system utilizing a modern working fluid such as R1234ze(E) is both
profitable and environmentally sound. If such a plant it is technically possible
to construct, waste heat from Stena Scandinavica’s propulsion plant could save
tens of thousands of dollars in auxiliary power generation costs every year. This
reduction in auxiliary power generation will also mean a proportional reduction in
environmentally harmful emissions from the auxiliary power generation plant adding
to the benefit of an organic Rankine cycle installation.

To improve upon this research greater knowledge about the candidate working fluids
thermal capacity would be of great interest. If the thermal capacity for a greater
part of working fluids were known better total plant cost estimates could be made.
Thereby increasing this research’s applicability for the cost estimation of a real
project. It would also be of great benefit to further investigate how the technical
and mechanical requirements set by these newer working fluids, like R1234zd(E)
affect plant construction and its total cost.
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A Appendix 1

A.1 Cycle calculation python code

import matplotlib

import numpy as np

from CoolProp.CoolProp import FluidsList
from CoolProp.CoolProp import PropsSI
#from scipy.optimize import newton

k =0+ 273.15

fluids = np.array (FluidsList ())
thtin = k + 90

thtout = k 4+ 70.6

tltin = 35

tmax = thtin — 5
tmin = k + tltin + 5
presission = 2

tests = np.array ([(fluid ,super__heated ,sub_cooled ,tmax,tmin,.8 ,thtin ,thtout)
for fluid in np.nditer(fluids) for super heated in np.arange (0,45, presission)
for sub__cooled in np.arange(0,45—super__heated ,presission)]
. dtype=("a20,f1,f1,f1,f1,f1,f1,£1"))

cand =]

def discard__fails(results):

for result in results:
if result [0] != ’Fail test ’:
cand.append(result)

#savetxt (’newcandidates0705.csv’, cand, delimiter=",", fmt=%s")

def SC(Ref,DTsh,DTsc,Tmax, Tmin,eta_a,THTin, THTut,Ts_Ph="Ph’ ,skipPlot=False , axis=None):

KK

Modified Simple Cycle function from the CoolProp library

This function plots a simple four—component cycle,
on the current axis, or that given by the optional parameter *xaxisx

Required parameters:

* Ref : A string for the refrigerant

« Te : Evap Temperature in K

%« Tc : Condensing Temperature in K

* DTsh : Evaporator outlet superheat in K

#* DTsc : Condenser outlet subcooling in K

* eta_a : Adiabatic efficiency of compressor (no units) in range [0,1]

Optional parameters:

« Ts Ph : ’Ts’ for a Temperature—Entropy plot, ’Ph’ for a Pressure—Enthalpy
% axis : An axis to use instead of the active axis
« skipPlot : If True, won’t actually plot anything, just print COP

'Kl

T=np.zeros ((8))

h=np.zeros__like (T)

p=np.zeros__like (T)

s=np.zeros_like (T)

T[1]=Tmax

T[3]=Tmin

Te = T[1] — DTsh

Tc = T[3] + DTsc

pe=PropsSI('P’, T’ ,Te,’Q’,1,Ref)

pc=PropsSI('P’, T’ ,Tc,’Q’,1,Ref)

h[1]=PropsSI('H’,’T’,T[1], P’ ,pe, Ref)

s[1]=PropsSI(’S’,’T’,T[1], P’ , pe, Ref)
# T2s=newton (lambda T: PropsSI(’S’,'T’',T,’P’,pc,Ref)—s[1],T[1], maxiter=100)

T2s=PropsSI(’T’,’S’,s[1],’P’,pc,Ref)

h2s=PropsSI(’H’, T’ ,T2s, P’ ,pc, Ref)

h{2]=h[1] —((h[1] —h2s)/eta_a)

T[2]=PropsSI('T’, 'H’,h[2], P’ pc,Ref)
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s[2]=PropsSI(’S’,’T’,T[2], P’ ,pc, Ref)

sbubble__c=PropsSI(’S’, P’ ,pc,’Q’,0,Ref)
sdew__c=PropsSI(’S’,’P’,pc,’Q’,1,Ref)

# sbubble__e=PropsSI(’S’, P’ ,pe,’Q’,0,Ref)
sdew e=PropsSI(’S’,’P’,pe,’Q’,1,Ref)
h[3]=PropsSI('H’, T’ ,T[3], P’ ,pc,Ref)
s[3]=PropsSI(’S’,’T’,T[3],’P’,pc, Ref)
h4s=PropsSI(’H’,’S’,s[3],’P’,pe, Ref)
h[4]=h[3]4+((h4s—-h[3])/0.7) #after pump

p=[np.nan,pe,pc,pc,pe,pe]
COP=(h[1]—h[4])/(h[1] —=h[2]) #evap over exp
COPH=(h[2] —h[3])/(h[1]—h[2]) #cond over exp

hsatL=PropsSI(’H’, T’ ,Te, 'Q’,0,Ref)
hsatV=PropsSI('H’, T’ ,Te, 'Q’,1,Ref)
ssatL=PropsSI(’S’, T’ ,Te, ’Q’,0, Ref)
ssatV=PropsSI(’S’,’T’,Te, 'Q’,1, Ref)

# vsatL=1/PropsSI(’D’,’T’,Te, ’Q’,0, Ref)
# vsatV=1/PropsSI(’D’, T’ ,Te, 'Q’,1,Ref)
x=(h[4] —hsatL)/(hsatV—hsatL)
s[4]=xx*ssatV+4+(l—x)*ssatL
T[4]=x*Te+(1—x)*Te
h(5]=PropsSI(’H’,’P’ ,pe,’Q’,0,Ref) #befor evap
#h5=h (P5,x=0),
h[6]=PropsSI('H’,’P’ ,pe,’ Q" ,1,Ref) #after evap
#h6=h (P6,x=1),
#h10?h13=cp (T10?T13),
Tht2 =THTin
Tht3 = THTut
hMEin = Tht2%xPropsSI(’C’, T’ ,Tht2,’P’,3.2e5, ’water’)
hMEut = Tht3xPropsSI(’C’, T’ ,Tht3,’P’,3.2e5, ’water’)
#m?1=m?10(h107h13)/(h1?h4),
vdot=160.0/3600 #m3/s
mdotHT=vdot*PropsSI(’D’,’T’,Tht2, P’ ,3.2e5, ’water’)
mdotwf =mdotHT * ((hMEin—hMEut)/(h[1]—h[4]))
#h11=h10?m?1(h17h6),
hME11=hMEin—(mdotwfx (h[1] —h[6]))
#h12=h11?m?1(h6?h5) ,
hME12=hME11—(mdotwf*(h[6] —h [5]))
#T11=h11/cp,
TME11=hME11/PropsSI(°C’, ’T’,Tht2,’P’,3.2e5, ’'water’)
#T12=hME12/cp,
TME12=hME12/PropsSI(’C’, ’T’,Tht3,’P’,3.2e5, ’water’)
h(7]=h[1]
s[7]=s[1]
T[7]=T[1]
#Qme = (162041860)%1000
mCpHT = (PropsSI(’C’, T’ ,Tht2,’P’,3.2e5, ’water’)
+PropsSI(’C’, ’T’,Tht3,’P’,3.2e5, ’water’))/2
Qme=mdotHT*mCpHT* ( Tht2—Tht3)
mdotwf = Qme/(h[1]—h[4])
Wexp = mdotwf*(h[1]—-h[2])
#mRhoPump = (PropsSI(’D’,’T’, T[3], ’P’,pe, Ref)+PropsSI(’'D’,’T’, T[4], 'P’,pc,Ref))/2
#Wwfp = ((pe—pc)*mdotwfx(1/mRhoPump)) /0.7 #70% eta —>kw
Wwip = mdotwf*(h[4] —h[3])
Pnet = (Wexp — Wwip) * 0.98 # eta gen 98%
#k = PropsSI(’'L’,’T’,Tc,’P’,pc,Ref)
#pref = Pnet =k
rho_exp_out = PropsSI(’D’,’H’ ,h[2],’S’,s[2], Ref)
cost__pref = (Pnetxrho_exp_out)/1le6
#J. Bao — higher density at turbine outlet
#negatively impact size parameter => high rho_exp_out = cheap expande
if pc > 1le5 and Pnet > 0 and pe < 16e5 and Wexp > 0 and Wwfp > 0:
return np.array (["candidate",Ref,Pnet,cost__pref,rho_exp_out,
COP,COPH, pe, pc, Te, Tc, DTsh,DTsc,Wexp, mdotwf, Wwip, PropsSI (’GWP100’ , Ref) ,Qme])
else
return np.array ([" Fail test",Pnet,Ref,pe, pc, T[1], T[2],T[4], mdotwl, Wexp, Wwip,Qme])
if skipPlot==False:
if axis==None:
ax=matplotlib.pyplot.gca()
if Ts_Ph in [’ph’,’Ph’]:
ax.plot(h,p)
elif Ts_Ph in ["Ts’, ts ]:
s=list (s)
T=list (T)
s.insert (5,sdew_e)
T.insert (5,Te)
s.insert (3 ,sbubble_c)
T.insert (3,Tc)
s.insert (3,sdew c)
T.insert (3,Tc)
ax.plot(s[1::] , T[1::],’b")
else:
raise TypeError( Type of Ts_Ph invalid )
results = []
failiurs = []
for test in tests:

try:
results .append(SC(test [0],test [1],test [2],test [3],
test [4],test [5],test [6],test [7],Ts_Ph="Ph’,skipPlot=False , axis=None))

IT
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except ValueError:
failiurs .append(test)

A.2 Candidate sorting and scaling script

from ___ future___ import division

import numpy as np

import matplotlib

#topcandidates in order of Pnet % rho_out

data = np.loadtxt(’data.csv’, delimiter=";", skiprows=1)
modelloutput =np.loadtxt (’output.csv’, delimiter=";’, skiprows=1,dtype=(str ,float), usecols=(0,1)
me_rpm = np.array (data[:, —2])

me kW = np.array (data[:,0])/2

load = me kW/6480

sum_me_ kW = np.sum (me kW)

loadScale=np.mean(load)

duration = len (me kW)x10/60/24 #sample size in days
kw_h = sum_me kW/duration /24

engineScale = 6480.0/9000.0

#orcOutput = np.array (modelloutput[:,1],dtype=float)

orcOutput = np.array (newcandidates)
orcOutputScaled = orcOutput/1000 * engineScale * loadScale # mean scaled orc out put.
scalefactor = engineScale * loadScale

topcandScaled = orcOutputScaled[0:9]/1000
def output ():
for i in orcOutputScaled:
print i
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