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In marine and power generation sectors, waste heat recovery technologies are attracting growing atten-
tion in order to increase heavy duty diesel engines efficiency and decrease fuel consumption, with the
purpose of respecting stringent emissions legislations.

In this work, the backpressure effect of an Organic Rankine Cycle (ORC) evaporator on the exhaust line
of a turbocharged, V12 heavy duty diesel engine, for typical marine and power generation applications
has been investigated using the commercial software Ricardo WAVE. Three different state-of-the art tur-
bocharging strategies are assessed in order to counterbalance the increased pumping losses of the engine
due to the boiler installation: fixed turbine, Waste-Gate (WG) and Variable Geometry Turbine (VGT). At
the same time, the steady-state thermodynamic performance of two different ORC configurations, simple
tail-pipe evaporator and recuperated simple tail-pipe evaporator layouts, are assessed, with the scope of
further increasing the engine power output, recovering unutilized exhaust gas heat. Several different
working fluids, suitable for medium-high temperature waste heat recovery, are evaluated and screened,
considering, as well, health and safety issues. Thermodynamic cycle parameters such as, for example,
evaporation and condensing pressures, working fluid mass flow and cycle temperatures, are optimized
in order to obtain the maximum improvement in Brake Specific Fuel Consumption (bsfc).

From the engine side point of view, a VGT turbocharger is the most favorable solution to withstand
increased backpressure, while, regarding the ORC side, between the considered fluids and layouts, ace-
tone and a recuperated cycle show the most promising performance.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Organic Rankine Cycle (ORC) technologies for large marine die-
sel engines are constantly gaining increased interest as waste heat
recovery solutions by engine and ORC system manufacturers due
to their potential of considerably decreasing fuel consumption,
operating costs and greenhouse gas emissions, as can be evidenced
by relevant commercial activities in the market [1-3].

Systems proposed in feasibility studies, or already fully inte-
grated on board ships, are meant to recover heat from a number
of different sources, such as, for example, exhaust gas, jacket cool-
ing water, lube oil and charge air, using cycle configurations of var-
ious levels of complexity and organic working fluids usually
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selected according to the temperature level of the heat source, in
order to maximize thermodynamics performance.

Furthermore, ORC systems are also under development to
recover heat from lower temperature heat sources from two stroke
marine propulsion unit of MW size, in particular, focusing on
engine jacket water heat recovery [4].

However, fitting an Organic Rankine Cycle (ORC) system on the
exhaust line of an engine has also some drawbacks: for example,
safety issues, due to possible fluid-exhaust gas contact, increased
weight and complexity of the overall system and increased engine
backpressure, which could lead to performance degradation. As
discussed in this paper, engine backpressure can be counterbal-
anced implementing appropriate turbocharging strategies.

The literature about engine backpressure and turbocharging
strategies in marine applications is rather sparse [5-9]. In [5-7]
the development of a control strategy to improve engine perfor-
mance by dynamically varying the turbine nozzle area in response
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Nomenclature

bmep brake mean effective pressure, bar

bsfc brake specific fuel consumption, g kWh™!
Cp specific heat, k] kg~! °C~!

Ty mass flow, kg s™

N engine speed, rpm

Nyl number of cylinders

p pressure, bar

PMEP pumping mean effective pressure, bar

q amount of specific heat exchanged, kj kg™!
Q heat transfer rate, kW

SI Surface Index, k] kg °C~!

T temperature, °C

UA heat transfer coefficient, W °C~!

v specific volume, m> kg™!

Va4 engine displacement, |

w specific work, k] kg™!

w power, kW

Ap pressure drop, mbar

AT temperature drop, °C

Greek symbols

€ effectiveness

n efficiency

P density, kg m—>
Subscripts

boil boiling (temperature)
brake brake (power)
cond condensation

c critical point
w cooling water
cyl cylinder

e electrical

E expander

EG exhaust gas
eng engine

evap evaporation

freeze  freezing (temperature)
fuel fuel (injected)

HL heat losses

in inlet

is isentropic

lig liquid

m mechanical

max maximum (temperature)
net net

out outlet

P pump

pp pinch point

ratio ratio (evaporation/condensation pressure)
rec recovery

subc sub-cooling

suph super-heating

TC turbocharger

th thermal (efficiency)

TO thermal oil (carrier fluid)
wf working fluid

vap vapour

Acronyms

AFR Air Fuel Ratio

C Compressor

CAC Charge Air Cooler

CFC Chlorofluorocarbon

CNDR  Condenser

CWHX  Cooling Water Heat Exchanger
DSUP Desuperheater

E Expander

EES Engineering Equation Solver
EGHX  Exhaust Gas Heat Exchanger
EVAP Evaporator

GWP Global Warming Potential

HCFC Hydrochlorofluorocarbon

HFC Hydrofluorocarbon

HX Heat Exchanger

IMO International Maritime Organization
LMTD  Log Mean Temperature Difference

LNG Liquefied Natural Gas

MFR Mass Flows Ratio

NFPA National Fire Protection Agency
NOx Nitrogen oxides

OoDP Ozone Depletion Potential

ORC Organic Rankine Cycle

PRHT Preheater

RECP Recuperator

RORC Regenerative Organic Rankine Cycle
SCR Selective Catalytic Reduction

SOI Start Of Injection

SUBC Subcooler

SUPH Superheater

T Turbine

TOHX  Thermal Oil Heat Exchanger

VER Volumetric Expansion Ratio

VGT Variable Geometry Turbine
WG Waste-Gate
WHR Waste Heat Recovery

to backpressure variations is presented. A novel supercharged-
turbocharged system was also proposed by Hermann [8] in order
to deal with steady-state and dynamic backpressure conditions
for submarine engines, while Hield [9] presented the detailed
results of the response of a turbocharged diesel engine to steady-
state and dynamic backpressure variations, with emphasis focused
on interpreting the relevant processes.

The topic is often discussed in literature for applications other
than marine, such as vehicles and few hundreds kW size stationary
engines.

For example, Katsanos et al. [10] presented a theoretical study
to investigate the waste heat recovery efficiency potential of a

Rankine cycle applied to a heavy duty truck diesel engine. A
maximum fuel economy of about 10.2% is obtained from simula-
tions results, and engine backpressure is also discussed.

Horst et al. [11] proposed a dynamic simulation model, vali-
dated with test bench measurements, to predict fuel saving poten-
tial over a dynamic motorway scenario. The authors observed that
a waste heat recovery system, as an ORC, can improve fuel effi-
ciency of about 3.4%, but effects such as weight increase and
increased engine backpressure are not negligible. An average
between 20 and 5 mbar backpressure can be expected for a steady
state high speed driving condition but higher backpressure can be
reached during acceleration peaks.
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Bei et al. [12] proposed a simulation model of an ORC fin-and-
tube evaporator using a CFD approach. The engine side is modelled
using a 1-D approach. A limited backpressure (up to 2 mbar) is
reported for the four cylinders turbocharged engine considered,
with an estimated fuel consumption increase of 1%.

Di Battista et al. [13] discussed the effects of the backpressure
increase due to the installation of an ORC plate heat exchanger
on the tail-pipe of a turbocharged IVECO F1C 3.0 L engine for
light-duty commercial vehicles propulsion. The proposed plate
boiler leads to a high backpressure increase of more than
250 mbar. They concluded that a VGT turbine strategy can mitigate
the increased pumping losses drawback effect. Boiler off-design
operating conditions and weight increase problems are also
investigated.

Allouache et al. [14] reported a study about fitting an exhaust
heat exchanger on the tailpipe of a 6.7 L Cummins heavy duty die-
sel engine. The heat exchanger has been tested in order to optimize
the pressure drop using R245fa as ORC working fluid. An estima-
tion of the recovery potential and engine thermal efficiency
improvement, in the range of 5% over the entire load/speed range,
is also reported.

Yamaguchi et al. [15] presented a feasibility study about the
recovery of exhaust gas heat from a 6 cylinders heavy duty diesel
engine with high pressure and low pressure EGR (Exhaust Gas
Recirculation) circuits, as well as two different boosting strategies
to counterbalance the increased backpressure. An improvement in
fuel economy of 2.7% with single-stage and 2.9% with double-stage
turbocharging architecture, on highway cruising conditions at
80 km/h constant speed, has been reported when using an ORC
system.

In literature, several studies are available about the introduc-
tion of ORC in marine applications, but not all of them consider also
the effect on the internal combustion engine.

Song et al. [16] studied the waste heat recovery potential of an
ORC to recover heat from the cooling water and the exhaust gas of
a medium speed 996 kW marine diesel engine produced by
Hudong Machinery Co., Ltd. Economic evaluations as well as off-
design conditions are considered. An optimized system using
cyclopentane, cooling water as preheating source and exhaust
gas as evaporating source for the working medium is proposed,
obtaining only around 1.4% lower power output compared to the
separated bulkier systems.

Reini et al. [17] proposed a study about recovering waste heat
from the exhaust gas of marine dual-fuel engine with power out-
put of 5.7 MW. The selected working fluid is toluene and a simple
cycle architecture has been considered the most interesting in
terms of increased power output benefits. A thermo-economic
analysis, considering the payback period, has also been carried out.

Burel et al. in [18] analysed the possibility to install and ORC in
a tanker where Liquefied Natural Gas (LNG) is used as propulsion
fuel.

Baldi et al., in two different works [19,20], proposed the use of
optimization techniques for diesel engine-ORC waste heat recovery
systems based on the analysis of typical ships operating profiles.
The case studies use, as baseline engines, MaK 8M32C four-
stroke diesel engines with a power output of 3840 kW and some
auxiliary units of about 683 kW. Fuel saving potential is considered
for some typical vessels applications.

Yun et al. [21] proposed a study about a dual loop ORC system
with the aim of recovering waste heat in parallel from the exhaust
gas of marine diesel engines, with the highlighted benefit of being
more versatile when operating at off design conditions. The con-
clusion is that the dual loop ORC has a power output which is
between 3 and 15% higher than a simple single system.

Yfantis et al. [22] proposed a thermodynamic model to study
the first and second law performance characteristics of a four

stroke marine diesel engine equipped with a Regenerative Organic
Rankine Cycle (RORC) to recover exhaust heat. Different engine
operating loads are investigated, as well as R245fa, R245ca, isobu-
tane and R123 as working fluids. A subcritical and saturated
vapour regenerative cycle is found to have the best performance
both from first and second law point of view.

Two-stroke ship propulsion units are also considered, for exam-
ple in [23-26], usually with the hypothesis of recovering heat from
exhaust gas, cooling jacket water and scavenge air.

In this work, the interactions between a modern marine tur-
bocharged diesel power generation unit and a possible exhaust
gas driven ORC system, for combined system efficiency improve-
ment, are investigated through simulation.

In particular, both internal combustion engine and ORC sides
are investigated, considering different engine turbocharging strate-
gies and the optimization of the ORC cycle parameters in order to
obtain the best combined fuel consumption reduction.

On the engine side, the adverse backpressure effect of fitting an
exhaust gas driven ORC evaporator on the engine breathing capa-
bilities, is investigated using Ricardo plc proprietary 1-D engine
performance simulation software Ricardo WAVE [27]. Fixed geom-
etry, Waste-Gate (WG) and Variable Geometry Turbocharger (VGT)
boosting technologies are evaluated in order to withstand the
increased pumping losses due to the waste heat recovery boiler
installation.

On the ORC side, for each of the three investigated turbocharg-
ing system scenarios and for a moderate exhaust gas backpressure,
which corresponds to specific exhaust gas characteristics (mass
flow rate and temperature), the power output of optimized, in
terms of thermodynamic cycle parameters, simple and recuperated
exhaust gas driven ORC layouts is computed using Engineering
Equation Solver (EES, [28]) for a set of working fluids (n-hexane,
n-octane, acetone, toluene, ethanol and MDM) selected after a
screening procedure, which considers not only thermodynamic
performance, but also environmental, flammability and safety
issues. After identifying the most promising turbocharging
system-ORC configuration, in terms of combined system fuel econ-
omy improvement for the moderate backpressure case, further
simulations of this system have been performed for a range of
backpressure values in order to evaluate the corresponding
expected range of fuel economy benefit for all possible heat
exchangers hardware designs.

2. Baseline engine model

The simulation model has been implemented using Ricardo
WAVE [27], considering a 1.5 MW high speed diesel engine
(120 kW/Cylinder at 1500 rpm) running at full load conditions.

The engine configuration is a V12, with single-stage turbocharg-
ing and aftercooler, employing Miller inlet valve timing for reduced
NO, emissions. The engine is used in the power generation or mar-
ine sector as a generator set and equipped with a Selective Cat-
alytic Reduction (SCR) system for compliance with IMO (Internal
Maritime Organization) Tier IlI NO, emissions regulations [29].
Some of the basic geometric features and full load performance
data of the engine at ISO ambient conditions (25 °C, 1 bar) are
reported in Table 1.

It is assumed that, at the above reported ambient conditions,
the pressure drops of the SCR system and the Charge Air Cooler
(CAC) are respectively 120 mbar and 100 mbar, while the outlet
temperature of the CAC and the efficiency of the SCR system are
always constant, being respectively 55 °C and 65%. It has to be
noted that the SCR efficiency determines the maximum allowable
engine NOy emissions, which are in turn controlled in the engine
WAVE model by regulating the injection timing. This parameter
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Table 1
Basic engine features and full load performance data at ISO ambient conditions
(baseline engine case).

Displacement/cylinder (1) Vq4 431
No of cylinders Nyt 12
Speed (rpm) N 1500
Brake mean effective pressure (bar) bmep 22
AFR trapped (-) AFR 27
IMO Tier III NOx limit (g/kWh) - 2.0
Baseline turbocharging efficiency (%) Nre 59.0

is also controlled in order to avoid to have peak cylinder pressures
in excess of 230 bar.

Another constraint, related to safe turbocharger turbine steady-
state operations, is that the inlet temperatures should not be
higher than 700 °C.

The model simulates the combustion process in a simplified
way, using an experimentally derived, non-dimensional burn rate
profile, which is valid under the examined engine speed, trapped
Air-Fuel-Ratio (AFR) and typical start of injection (SOI) timings.
To simplify the calculations, it is assumed that the turbocharger
efficiency remains constant. The turbine and compressor are mod-
elled with a quasi-steady approach, calculating the mass flow and
enthalpy rise across the components, simulated as an orifice, as
well as the torque produced or absorbed.

Considering that the SCR thermochemical performance is not
modelled and considered in this work, it is assumed that, under
steady-state operating conditions, the exhaust gas temperature
downstream the turbocharger turbine is equal to the inlet temper-
ature of the Exhaust Gas Heat Exchanger (EGHX or boiler) of the
ORC system (no temperature change is assumed over the SCR sys-
tem, following what reported by Qiu et al. [30]).

The ORC boiler is installed downstream the SCR system, as
reported in Fig. 1, which describes the layout of the combined
Engine-EGHX. The location of the boiler is selected so that the
SCR performance is practically unaffected.

Fig. 1. Combined engine-ORC EGHX layout scheme.

2.1. Turbocharging systems description

In a common turbocharger design for large four-stroke engines,
an exhaust gas driven radial or axial turbine is coupled to a cen-
trifugal air compressor. The engine exhausted gas drives the tur-
bine which is coupled to the compressor in order to increase the
intake boost pressure, thus also increasing engine volumetric effi-
ciency and performance [31].

Three turbocharging systems are analysed: (1) fixed geometry
turbine, (2) Waste-Gate (WG) and (3) Variable Geometry Tur-
bocharging (VGT).

The simplest turbocharger configuration is with fixed geometry
for both compressor and turbine. In this case, there is no boost con-
trol possibility, and the boost level is directly related to the exhaust
gas flow and to the turbocharger characteristics. The enthalpy to
drive the turbine is directly dependent on the combustion
performance.

The WG turbocharging strategy uses a waste gate valve to
bypass the turbine in order to control the rotational speed of the
turbocharger, thus regulating the boost pressure of the engine.
Adding a by-pass valve to the fixed geometry turbocharger is the
easiest implementable strategy to improve engine control over a
more severe transient operational profile or over more variable
backpressure conditions. However, typically, WG turbochargers
increase the exhaust losses, thus leading to decreased turbocharger
efficiency [32].

The VGT operates altering the geometry of the effective tur-
bine area in order to reach the requested boost pressure for
the compressor, but still handling all the exhaust flow, which
does not bypass the turbine. This turbocharging strategy usually
allows better control of boost pressures at low engine loads and
speeds. In particular, for large medium-low speed diesel engines,
the VGT are equipped with a nozzle ring with movable vanes
which direct the exhaust gas flow through the turbine blades.
The angle of the vanes is controlled at different engine speeds
in order to optimize the flow through the turbine [33]. A precise
control of AFR can be obtained with this strategy, as well as
losses associated with the Waste-Gate valve are eliminated and
engine control improved [31]|. Drawbacks of VGT are the
increased cost and vanes fouling problems when using heavy
fuel oils [32].

In this preliminary study, a parametric analysis of the ORC boi-
ler backpressure effect has been carried out considering the three
turbocharging solutions and assuming the engine operating at full
load constant conditions.

The backpressure range considered is from 0 to 100 mbar in
order to study different boiler designs.

When considering the Waste-Gate solution (Case 2), the tur-
bocharger is dimensioned, at the highest backpressure case
(100 mbar), with fully closed waste gate valve, thus resulting in a
smaller turbine than that used in Case 1 with fixed geometry tur-
bocharger. The dimensioning aims also to maintain the AFR at the
design point value. Then, as the backpressure is reduced, the waste
gate valve is gradually opened in order to keep the requested AFR
always constant.

In the Case 3, the turbine nozzle area of the VGT turbocharger is
controlled in order to keep, again, the AFR constant, independently
of the EGHX backpressure imposed.

3. Organic Rankine Cycle (ORC) modelling

In the following paragraphs an overview of the considered cycle
architectures, of the proposed modelling and optimization
approach and working fluid selection procedure is presented with
reference to the ORC system section.
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3.1. Cycle architectures and modelling approach

In terms of ORC system layouts, a simple and a recuperated
cycle are examined, both employing an intermediate thermal oil
circuit [34].

The cooling medium in the condenser is water, which could
hypothetically be sea water, and easily available on-board ships.

The schemes of the two cycle architectures considered are
reported in Fig. 2.

For modelling reasons, the Thermal Oil Heat Exchanger (TOHX)
and the Cooling Water Heat Exchanger (CWHE) are divided respec-
tively in three regions, in which preheating (PRHT), evaporation
(EVAP), superheating (SUPH), de-superheating (DSUP), condensing
(CNDR) and sub-cooling (SUBC) processes happen.

For every region, a fixed boundary modelling technique is
applied, as well as mass and energy balances.

In the case of the Exhaust Gas Heat Exchanger (EGHX), a unique
region is considered, since no phase change is happening. The same
approach is used for the recuperator (RECP).

All the heat exchangers are considered to have a counter-flow
configuration in order to increase heat transfer efficiency.

The pump and expander (E) are modelled with a simple fixed
isentropic efficiency, considered for steady-state full load

operations.
exhaust gas
A Y
‘ EGHX
o TOHX
[ H / ]
PRHT ' EVAP : SUPH
‘ working fluid .
~
77N |~
(M) —{G)
Y
SUBC : CNDR i DsupP
CWHX *
cooling water
()
exhaust gas
A b 4
e — EGHX —
M TOHX
PRHT E EVAP E SUPH

working fluid

SUBC

CNDR DsupP

CWHX

E:@
1
1

(®)

Fig. 2. Schemes of the simple (a) and recuperated (b) ORC layouts.

cooling water

Two examples of T-s diagrams are reported in Fig. 3 in the case
of n-hexane working fluid, for the simple and recuperated cycles.

In the case of the recuperated cycle, a recuperator (RECP) is
added in order to partially preheat the liquid working fluid down-
stream the pump using the heat rejected from the superheated
vapour at the expander outlet. The purpose of this second configu-
ration is to increase the ORC system efficiency thus leading to a
better utilization of the engine recovered heat.

For the ORC modelling, first of all, the condensing pressure is
fixed to the minimum possible, considering heat sink and ambient
constraints. In this case, the condensing pressure is fixed to 1 bar to
avoid possible air infiltration in the system.

The working fluid is pressurized by the pump from the conden-
sation pressure to the evaporation pressure, thus fixing the pres-
sure levels of the system:

pevap = Pratio * Pcond (1)

The isentropic pumping specific work is calculated, assuming
constant specific volume, from the following formula:

Wejis = Upin - (Dpin — Ppout) )

A fixed isentropic efficiency approach has been used to calculate
the pumping required specific work:

Wp s
wp = —= 3
’ Mp )

A~

450 exhaust gas //

Tr°C]

-0.5 0.0 0.5 1.0 1.5 20
s [kJ/kg-K]

(a)

500 o
450 exhaust gas///
7

400
350
300
250
200
150
100

50

TrC]

-50
-0.5 0.0 0.5 1.0 15 20

s [kJ/kg-K]
(b)

Fig. 3. n-hexane T-s diagram examples for simple (a) and recuperated (b) ORC.




352 C.N. Michos et al./Energy Conversion and Management 132 (2017) 347-360

The properties of the thermal oil and, in particular, the specific
heat, have been obtained from [34], and a correlation has been cal-
culated based on the temperatures at the inlet and outlet of the
heat exchangers and pump of the oil circuit:

Cp1o = 0.003 - Tpo + 1.6017 (4)

An average specific heat value has been used, between inlet and
outlet of the heat exchangers components, in order to calculate the
heat balances (the exhaust gas specific heat has been considered
constant).

For the exhaust gas heat exchanger (EGHX) the balance consid-
ers only one zone, since no thermal oil evaporation is expected:

My 10 - Cp10 - (Tro,E6HX 0ut — TT0,EGHX in)
= Mf k6 - Cpkc + (TececHxin — TEGEGHX out) (5)

For the thermal oil heat exchanger (TOHX), in contact with the
ORC working fluid, the process has been divided between preheat-
ing (PRHT), evaporation (EVAP) and superheating (SUPH). Heat bal-
ance equations have been applied for the considered three zones,
using average specific heat values for the working fluid and ther-
mal oil sides:

M wy - Apgrr = My 10 - Cp10 - (Tr0,prTin — T10.PRHT 0UL) (6)
M wf - Qevap = W10 - Cp10 - (Tropvarin — T1o,EvAP.out) (7)
Mf.wf - Asupy = My10 - Cp10 * (T105UPH,in — T70 SUPH,0UL) (8)

The same approach has been used in order to calculate the heat
balances for the three zones in which the condenser has been
divided: de-superheating (DSUP), condensation (CNDR) and
sub-cooling (SUBC). For the cooling water, the specific heat has
also been considered constant for an average temperature level.
The heat balances for the condensing side can be written as
follows:

M s - Apsup = My.ew - Cpew = (Tewpsup,out — Tew,psupin) 9)
1M wr - Qenpr = Mew - Cpew * (Tewenorout — Tew.cnpR.in) (10)
My ws - Gsupe = Mf.cw - Cpew - (Tewsusc.our — Tew,susc,in) (11)

In the case of the recuperated ORC system (RECP), the heat
exchanged between the liquid and vapour sides of the heat
exchanger is calculated from an iterative procedure solved in
EES, in order to obtain the vapour side outlet temperature
T yaprEcour and the liquid side outlet temperature Tigrecpoue- The
considered specific heat is the minimum between the average val-
ues calculated at the liquid and vapour sides, and it is dependent
on the outlet temperatures. The balance over the recuperator has
been calculated with the following formula, assuming a fixed heat
exchange effectiveness, &ggcp, of 80%:

recp = €rece - Cpmin - (T oap.Recp,in — Tlig.RECP 0ut) (12)

The thermal oil circuit pump power consumption has been esti-
mated based on an assumed averaged 80 mbar pressure drop over
both the two heat exchangers, from the following formula:

(APro.1onx + AProgcux) - M0

Pro * p10

(13)

WP.TO,is =

The pump fixed isentropic efficiency (np1o) is 60%.

The thermal oil density has been calculated, as previously done
for the specific heat, with the following formula, fitted from the
curve reported in [34]:

Pro = —0.7543 - Tro +979.25 (14)

The expander specific work (wg) has been calculated assuming a
fixed isentropic efficiency (r;) of 70%, with the following formula,
where wg s is the isentropic enthalpy:

WE = WEs - ’75 (15)
Finally, the ORC net specific work has been obtained as:
WOoRCnet = WE — Wp (16)

Net ORC power (Worc e ), expander produced power (W;) and
pump required power (W) have then been calculated multiplying
the specific work values for the working fluid mass flow rate.

The ORC cycle thermal efficiency has been calculated consider-
ing the thermal oil heat exchanger (TOHX) heat input, g;,, and the
cycle net specific work:

WoRc net
: 17
qin ( )
The combined system brake specific fuel consumption (bsfc),

when using the ORC on the engine exhaust line, is calculated with
the following formula:

Norc.th =

11 fuel
bSfCongope = ———— 1L (18)
e (Wbrake + WORC.net)

3.2. Working fluid selection

In order to limit the number of working fluids to be investigated
through simulation, a selection procedure is conceived and
applied, based on environmental (legislative), safety, usage and
thermodynamic requirements.

According to control measures dictated by the Montreal proto-
col [35] on substances which deplete the ozone layer, the use of
chlorofluorocarbons (CFCs), such as for example R11, R12, R13,
R113, R114 and R115, has been already totally banned since
2010, while the use of Hydro-Chloro-Fluorocarbons (HCFCs), such
as for example R21, R22, R123, R124, R141b and R142b, will be
practically banned from 2020, due to the high ozone depletion
potential of these substances due mainly to their chlorine content.

At the same time, the Kyoto protocol [36] on greenhouse gas
emissions defined the percentage emissions reduction commit-
ment of various countries, including Hydro-Fluoro-Carbons (HFCs),
e.g. R23, R32, R125, R134a, R143a, R152a, R236ea, R236fa, R245ca,
R245fa and R365mfc, among the listed (but not banned) gases due
to their high global warming potential (GWP).

Based on these environmental limitations, various working flu-
ids (pure substances and mixtures) from the relevant literature as
well as from real applications for low- [37] and high-temperature
[38] ORC applications are considered at the starting point of the
selection procedure and categorised into families, as shown in
Table 2.

Due to safety issues, the environment in which the ORC system
is going to operate should always be taken into consideration. For
this reason, the generally applicable NFPA 704 Standard is used in
this work to characterise the severity level of each working fluid in
terms of health, flammability, and instability hazards, based on the
values shown in Table 3 [39]. As a rule, working fluids with "Health
Hazard’ higher than 2 and ‘Flammability Hazard’ higher than 3 are
excluded and not considered in the simulation work.

In terms of usage requirements, working fluids with freezing
temperatures higher than approximately —30 °C should be also
excluded, in order to avoid freezing problems during very cold
days, unless the ORC is installed in a temperature controlled
environment.

Specific thermodynamic requirements must also be considered
in the simulations.
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Table 2
Working fluids considered at the starting point of the selection procedure.
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Linear and branched hydro-carbons  Aromatic hydro-carbons  HFCs?® Fluoro-Carbons  Inorganic fluids  Alcohols  Siloxanes  Zeotropic mixtures
i-butane Cyclopropane R134a C5F12 Water Ethanol MDM Ammonia/water 20/80
Pentane Benzene R236fa RC318 Ammonia MM R32%/R134a?30/70
n-hexane Toluene R245fa R125%/R245fa* 90/10
n-octane p-xylene R365mfc R245fa?/R152a* 45/55
Acetone R245fa"/pentane 50/50

 Listed in the Kyoto protocol.

Table 3
NFPA 704 standard for health, flammability, instability hazards.

Health hazard

Flammability hazard

Instability hazard

4 - Can be lethal

3 - Can cause serious
or permanent
injury

2 - Can cause
temporary
incapacitation of
residual injury

1 - Can cause

4 - Will vapourize and
readily burn at normal
temperatures

3 - Can be ignited
under almost all
ambient temperatures
2 - Must be heated or
high ambient
temperature to burn

1 - Must be preheated

4 - May explode at
normal temperatures
and pressures

3 - May explode at high
temperature or shock

2 - Violent chemical
change at high
temperatures or
pressures

1 - Normally stable.

significant before ignition can High temperatures make
irritation occur unstable
0 - No hazard 0 - Will not burn 0 - Stable

At the low pressure side of the ORC system, the condensation
pressure should be higher than the ambient pressure in order to
avoid air infiltration into the system, while the condensation tem-
perature should be higher than approximately 50 °C, to prevent
reverse heat transfer from ambient to the working fluid during
very hot days. These constraints are graphically reported in
Fig. 4, where the saturation curves of most of the considered fluids
of Table 2 are presented.

As shown, the upper right (white) window represents the prac-
tical condensation region of the various fluids. In particular,
regarding HFCs and fluorocarbons, it can be observed that the con-
densation pressure must be relatively high, resulting consequently
in reduced available expansion ratios for the ORC expander and
consequently lower power production.

With similar considerations, at the high pressure side, the evap-
oration pressure should be lower than the critical pressure of the
working medium, in order to avoid fluid degradation effect, as well
as a limit of 30 bar for the maximum cycle pressure has been set to
avoid material strength issues. Moreover, the evaporation temper-
ature should be higher than 50 °C to again prevent reverse heat
transfer during operations in very hot environments or climate
conditions.

As an appropriate guideline, fluids whose critical temperature is
higher than 200 °C should be considered suitable for medium-high
temperature ORC applications such as the one in the considered
case study.

All previously described requirements and constraints, applied
separately to each of the various fluids of Table 2, are collectively
presented in Table 4. Each fluid is evaluated against the require-
ments successively and, when not passing one of them, it will be
discarded and not analysed in the following simulation work. From
the original set of candidate fluids, it can be seen that only six of
them are appropriate for the developed case study, considering
the described constraints. The appropriate fluids are reported in
bold letters in Table 4 and in Table 5 with the respective main
properties, obtained from NIST REFPROP [40].

3.3. Basic assumptions and constraints for ORC system optimization

The basic assumptions and constraints for the ORC investigated
in this work are presented in Table 6. The cycle independent vari-
ables for the optimization procedure are reported in Table 7. A
Genetic Algorithm has been applied, with the purpose of maximiz-
ing the ORC net power output. The ORC engine exhaust gas bound-
ary conditions are reported, for every turbocharging case
evaluated, in Fig. 5(k)-(1).
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Table 4
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Working fluid selection procedure. In bold the selected fluids for the simulations runs. In italics the design requirements.

Working fluid Health Flammability Freezing temperature Condensation pressure Evaporation pressure Critical temperature T,
hazard hazard Tfreeze Pcond pevﬂp
(-) (-) (°C) (bar) (bar) (°C)
Requirement <2 <3 <-30°C Available range should be significant >200 °C for high temp.
applications
i-butane 1 4 - - - -
Pentane 1 4 - - - -
n-hexane 2 3 -95.3 >1 <30 234.7
n-octane 1 3 —56.6 >1 <25 295.2
Acetone 1 3 -94.7 >1 <30 235
Cyclopentane 1 4 - - - -
Benzene 2 3 55 - - -
Toluene 2 3 -95.2 >1 <30 318.6
p-Xylene 2 3 133 - - -
R134a 1 0 —103.3 >13.2 <30 101.1
R236fa 1 0 -93.6 >5.9 <30 1249
R245fa 2 0 -102.1 >3.5 <30 154
R365mfc 0 4 - - - -
C5F12 1 1 —-120 >2.1 <20.5 147.4
RC318 2 0 -40 >6.5 <27.8 115
Water 0 0 0 - - -
Ammonia 3 - - - - -
Ethanol 2 3 -114.2 >1 <30 241.6
MDM 0 3 —-86 >1 <14.2 290.9
MM 1 4 - - - -
Ammonia/water 3/0 - - - - -
20/80
R32/R134a30/70  1/1 4/0 - - - -
R125/R245fa 90/10  1/2 0/0 ~107 >22.9 <30 -
R245fa/R152a 45/  2/1 0/4 - - - -
55
R245fa/pentane 2/1 0/4 - - - -
50/50
Table 5 Regarding the condenser, a slight sub-cooling is usually applied
Working fluids evaluated for the simulation work. to ensure that the working fluid, at the inlet of the pump, is in a
Working fluid T, (°C) pe(bar) Tyt (°C) Treeze (°C) liquid state, even if the fluid receiver is not modelled in this study
hexane 234.7 304 68.7 95.3 for simplicity reasons.
Z_Omne 2952 25 125.6 566 Regarding the exhaust gas temperature downstream the EGHX,
Acetone 235 47 56.1 947 it should be usually higher than the acid dew point temperature of
Toluene 318.6 413 110.6 -95.2 the gas, in order to ensure that no condensation of corrosive sul-
Ethanol 2416 62.7 784 —1142 phuric acid occur on the last section of the heat exchanger. For
MDM 290.9 142 1525 86 IMO Tier IIl complying marine Diesel generators, where the equiv-
alent sulphur mass fraction in the fuel must be as low as 0.1% in the
Table 6
Assumption and constraints for the ORC system optimization.
Parameter Symbol Value
Thermal oil pump isentropic efficiency Np.10 60%
Working fluid pump isentropic efficiency np 60%
Expansion machine isentropic efficiency Ne 70%
Mechanical and electrical efficiencies of machines N Ne 100%
RECP effectiveness NRECP 80%
Exhaust gas specific heat capacity under constant pressure Cp.EG 1.15 kJ/kg/K
Cooling water specific heat Cpew 4.19 kJ/kg/K
Piping pressure losses in thermal oil, working fluid and coolingwater circuits AP pipes 0 (not considered)
Thermal oil pressure losses in EGHX AP1o £GHx 80 mbar
Thermal oil pressure losses in TOHX APro.T0HX 80 mbar
Working fluid pressure losses in TOHX, CWHX and RECP APy 0 (not considered)
Cooling water pressure losses in CWHX APew 0 (not considered)
Heat losses in piping and components OuLi 0 (not considered)
Sub-cooling AT upe 2°C
Condensation pressure Deond 1 bar
Cooling water inlet temperature Tew.in 25°C
Exhaust gas temperature downstream EGHX TEG.EGHX out >85 °C
EGHX, TOHX, CWHX pinch temperature ATy, >10°C
Evaporation pressure Pevap <min(0.9 x p, 30 bar)

Maximum working fluid temperature

wa.mux <Tc
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Table 7

Independent variables for optimization procedure.
Thermal oil mass flow (kg/s) 1My 10
Thermal oil EGHX inlet temperature [°C] Tro.in
Pump pressure ratio (-) Dratio
ORC working fluid mass flow (kg/s) 1y p
Superheating (°C) ATsuph
Cooling water mass flow (kg/s) 1i1f cw

Emission Control Areas (ECAs), an acid dew point temperature in
the range of 85-90 °C can be expected.

3.4. ORC performance indexes

Together with the evaluation of the ORC net power output,
which is used to compute the bsfc improvement of the combined
engine-ORC configuration, various comprehensive ORC system
performance indexes are also calculated, characterising the effi-
ciency of the exploitation of the engine waste heat energy and
the size and economics of the ORC system. Most of the indexes
are obtained or re-elaborated from Branchini et al. [41], and are
reported in Table 8.

In particular, the last index concerning heat transfer equipment
dimensions, can be very useful, since the final decision regarding
the selection of the most favorable cycle layout and organic working
fluid, for the investigated turbocharging system scenarios and the
relative engine configuration, should be ultimately based on a
thermo-economic assessment, as reported by Quoilin et al. [42], fol-
lowed by multi-criteria evaluation, as exemplified by Frangopoulos
etal.[43], using technical, economic and environmental parameters.

The heat exchanger heat transfer coefficient UA; is calculated
using the Log Mean Temperature Difference method (LMTD) [44].

4. Results

In the following paragraphs the results of the thermodynamic
process analysis and optimization of the engine and ORC systems
are presented and discussed, with the purpose of finding the best
configuration to increase the overall powertrain fuel efficiency.

4.1. Internal combustion engine and turbocharging

Fig. 5(a)-(1) shows various engine and turbocharging system
parameters for the three investigated turbocharging systems, con-
sidering the effect of the increased backpressure due to the instal-
lation of the ORC boiler (ORC EGHX).

In order to facilitate the understanding of the results reported in
the ORC section, the operating conditions for the considered simu-
lated cases are extracted from Fig. 5(k)—(1) and reported in Table 9.

The case of the fixed turbocharging system can be used for the
explanation of the main effects of the increasing backpressure. On
the one hand, since the engine has to overcome higher pumping
losses, while maintaining a constant brake load, more fuel has to
be consumed resulting in the increase of the engine bsfc (positive
Absfc, compared to reference base case engine bsfc). On the other
hand, the turbine and, consequently compressor pressure ratios,
are reduced, reducing accordingly the air mass flow through the
engine. As a result, the trapped AFR is reduced, deteriorating the
combustion quality. Moreover, the increased exhaust temperatures
increase the thermal loading of the engine, which in turn can cause
thermal failure of the pistons, cylinder heads and valves, as well as
breakdown of the oil film, with adverse wear consequences on
pistons and cylinder walls. However, the turbine inlet temperature
never exceeds its allowable limit.
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Fig. 5. PMEP (a), fuel mass flow rate (b), engine Absfc (c), turbine inlet pressure (d),
turbine pressure ratio (e), compressor pressure ratio (f), air mass flow rate (g), AFR
trapped (h), turbine inlet temperature (i), turbine outlet temperature (j), exhaust
gas temperature upstream the EGHX (1), against ORC EGHX backpressure for the
fixed, WG and VGT turbocharging system scenarios.
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Table 8
ORC system performance indexes.
Index Symbol Significance Aspect Favorable
trend
Thermal efficiency Horc.th = % Conversion efficiency of absorbed exhaust gas heat into useful power output System High
efficiency
Specific work WORC net = Wr — Wp Amount of organic fluid Required for an assigned power output System High
efficiency
Organic fluid to MER = "rar amount of organic fluid required per unit of exhaust gas mass flow System Low
exhaust gas mass My ke size
flow ratio
Recovery efficiency Hyec = MFR - # Conversion efficiency of available exhaust gas heat into useful power output System High
prerirenTreomt T proportional to the product of thermal efficiency and heat recovery process efficiency
effectiveness)
Expander volumetric VER = 7;;::' Expansion machine sizing (and possibly type) - ratio of specific fluid volumes over ~ System Low
expansion ratio the expander size
HXs surface index ST A Sum of HXs surface System Low
Slux ore = T size

Table 9
ORC boundary conditions for exhaust gas mass flow and temperature.

Parameter Fixed Waste-Gate Variable Geometry
geometry (WG) turbine  Turbine (VGT)
turbine

Exhaust gas mass 7623.6 7872.6 7839.6

flow, my g (kg/h)
Exhaust gas 484.5 468.9 466.8

temperature,
Tec chx.in (°C)

The first alternative to the fixed turbocharger, with the purpose
of decreasing exhaust temperatures and maintaining the base case
trapped AFR, is the use of a smaller turbine to increase the boost
pressure, and therefore the engine air mass flow, equipped with
a WG valve in order to bypass some of the exhaust gas around
the turbine at the lower backpressure cases, when the require-
ments for increased boost pressure are reduced. The WG opening
area is controlled so as to preserve, in all backpressure cases, the
base case AFR. In comparison to the fixed turbocharger case, the
pumping losses (PMEP, bar) are now increased, increasing fuel con-
sumption in order to maintain the constant brake load, therefore
resulting also in increased bsfc. As expected, the turbine pressure
ratio is now increased, due to the smaller turbine size. As backpres-
sure increases, the closing of the WG valve results in the increase of
the pressure upstream the turbine. However, the turbine pressure
ratio is continuously decreasing. Compressor pressure ratio is
higher than that of the fixed turbocharger case, however this
increases with backpressure, increasing respectively the air flow
to such extent so as to keep the AFR fixed. Even though the bsfc
of the engine is now higher, turbine inlet temperatures are in gen-
eral lower than those of the fixed turbocharger case due to the
higher AFRs, with this trend being reversed at the low backpres-
sure cases, where the AFR of the fixed turbocharger case is still
high and close enough to the base case value. Due to the higher
turbine pressure ratio, turbine outlet temperatures are now
reduced. However, finally due to the mixing with the hot bypass
exhaust gas as backpressure reduces, the temperature upstream
the EGHX is getting slightly higher at the low backpressure cases,
however, with not very marked effect.

To reduce the increased bsfc due to the smaller turbine of the
WG turbocharger case, while still maintaining the base case AFR,
the solution of a VGT turbocharger is applied. The flexibility offered
by the variable turbine nozzle area of the VGT turbocharger, being
this practically correspondent to different turbine sizes for the var-
ious backpressure cases, results, on the one hand, in a turbine size
equal to that of the fixed turbocharger at the 0 mbar backpressure
case and, on the other hand, in a turbine size equal to that of the

WG turbocharger at the 100 mbar backpressure case. In the inter-
mediate backpressures, the turbine nozzle area of the VGT tur-
bocharger is adjusted linearly between the two extreme cases.
This trend for the VGT turbocharger, between the fixed and WG
turbochargers at the O mbar and 100 mbar backpressure cases,
respectively, can be obviously observed in the graphs of PMEP, fuel
mass flow rate and engine Absfc. Therefore, in terms of engine effi-
ciency, the VGT turbocharger offers a clear benefit over the WG for
the investigated ORC backpressure effect. Additionally, it is
observed that, as backpressure increases, the decrease of the tur-
bine nozzle area throttles the exhaust gas flow to such an extent
so that the turbine pressure ratio, even if slightly, increases contin-
uously. Accordingly, the compressor pressure ratio and engine air
mass flow are increased to maintain the base case AFR, following
the above mentioned correlation between the fixed and WG tur-
bochargers extreme backpressure cases. The turbine inlet temper-
ature is reduced even further in comparison to the WG
turbocharger case, following the relevant bsfc trends, since AFR is
the same. However, the temperatures at the turbine exit appear
to be higher than those of the WG turbocharger case due to the
lower pressure ratio of the VGT turbocharger turbine. Finally, this
trend reverses again, since, as already seen, the exhaust gas of
the WG turbocharger is slightly heated again due to its mixing with
the hot gas bypassing the WG turbocharger turbine.

From the engine operation point of view, it can be stated that,
among the investigated turbocharging system scenarios, the VGT
turbocharger seems to be the most favorable solution, alleviating
at the most the adverse effect of the ORC EGHX backpressure on
engine efficiency, while at the same time fulfilling the require-
ments for constant AFR and relatively low and safe exhaust
temperatures.

In Fig. 5(k)-(1) and in Table 9, the boundary conditions, regard-
ing temperatures and mass flow rates, for the ORC simulations are
reported for the three considered turbocharging strategies.

4.2. ORC

In addition to the analysis of the backpressure effect on the
engine side operations, it is useful to carry out a performance eval-
uation of the combined engine-ORC system, considering also the
qualitative comparison of the trends of the ORC system perfor-
mance indexes in the simulated cases. For this purpose, the results
of the 1-D engine analysis, for a moderate EGHX backpressure of
50 mbar, are used as input for the ORC calculations, which consider
a simple and a recuperated cycle layouts and n-hexane, n-octane,
acetone, toluene, ethanol and MDM as working fluids. An optimiza-
tion of the relevant cycle parameters with the purpose of maximiz-
ing the ORC net power output is carried out.
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Fig. 7. Combined engine-ORC system Absfc against EGHX backpressure for the VGT
turbocharging system with optimized recuperated ORC layout operated on acetone.

Fig. 6(a)-(h) shows the combined system Absfc reduction, the
exhaust gas temperatures at the EGHX outlet, as well as the ORC
system efficiency and size performance indexes for the investi-
gated fluids and layouts combinations. As it can be observed, the
main factor determining the combined system Absfc is the work-
ing fluid choice for the ORC system. In addition, as a general trend,
it is observed that the recuperated cycle offers greater fuel econ-
omy, resulting at the same time in higher exhaust gas tempera-
tures downstream the EGHX. Therefore, in this case, the exhaust
gas can be further utilized. The VGT turbocharger, as well, provides
always larger fuel economy benefits for the combined system than
the WG turbocharger independently of cycle layout and working
fluid, with the fixed turbocharger excluded from the comparison
due to its inability to keep AFR constant, thus also influencing com-
bustion efficiency and emissions patterns.

From the combined system efficiency point of view, it can be
inferred that the largest fuel economy benefits are obtained with
the recuperated cycle operating on acetone, with a VGT tur-
bocharger on the engine side in order to keep the AFR constant,
thus preserving a good combustion quality. According to the
results, such a system shows the potential of reducing the bsfc
approximately of 18.9 g/kWh (9.8% reduction), with the assump-
tion of 50 mbar EGHX backpressure. This is mainly a result of the
increased thermal and recovery efficiencies of this particular ORC
system. As far as size and economics indexes are concerned, the
recuperated acetone cycle presents relatively moderate require-
ments of expansion machine size and general system size (mass
flow ratio index). However, its implementation involves relatively
large, and therefore costly, heat exchangers.

After the identification of the most promising, in terms of com-
bined system efficiency, turbocharging-ORC system configuration,
based on the 50 mbar EGHX backpressure assumption, additional
performance simulation runs of this system are conducted for
the complete EGHX backpressure range, in order to evaluate the
respective fuel economy benefit range that can be expected for
any possible EGHX hardware design. According to Fig. 7, which
presents the Absfc achieved by this particular combined system
for the various EGHX backpressure values, it is shown that the
effect of the EGHX design on the fuel consumption improvement
is relatively weak, since the bsfc reduction that can be obtained lies
between 17.7 and 19.7 g/kWh (9.1-10.2%).

5. Conclusions

This work investigates the possibility of introducing an ORC to
improve the performance of a high speed diesel engine. In particu-

lar, the effects of introducing the ORC evaporator on the engine
exhaust gas backpressure are considered.

Three turbocharging systems are considered: a fixed geometry
turbocharger, a turbocharger with a Waste-Gate and a VGT
turbocharger.

Some main considerations can be drawn:

e From the engine operation point of view, the VGT turbocharger
is the most favorable solution, since it alleviates at the most the
adverse effect of the ORC EGHX backpressure on engine effi-
ciency while, at the same time, it fulfils the requirements for
constant AFR and relatively low and safe exhaust temperatures.

e From the combined engine-ORC system efficiency point of view,

the combination of the VGT turbocharger with a recuperated

cycle operated with acetone provides the greatest benefits,
reducing the bsfc of the combined system of 17.7-19.7 g/kWh

(9.1-10.2%), depending on the EGHX backpressure. This is

mainly due to the relatively high thermal and recovery efficien-

cies of this particular ORC configuration. In terms of size/eco-
nomic issues, the selected ORC system presents relatively
moderate requirements of expansion machine size and general
system size in comparison to the other candidate solutions.

However, its implementation requires the use of relatively large

and costly heat transfer equipment.

In general, the efficiency of the combined system depends

mainly on the used organic working fluid, with the influence

of the cycle layout and turbocharging system coming as subse-
quent requirements.

In terms of cycle layouts, recuperated ORC configurations pre-

sent clear efficiency benefits over their simple cycle counter-

parts, resulting also in favourably higher exhaust gas
temperatures at their exhaust gas outlet for further use in typ-
ical cogeneration configurations.

In this work the internal combustion engine study has been car-
ried out using fixed engine parameters. As a future work, engine
parameters optimization will be carried out on the selected solu-
tion (VGT). Engine parameters to be considered are, for example,
the valve timing, valve diameters, injection timing and compres-
sion ratio.

For the final selection of the most favorable cycle layout and
working fluid, a thermo-economic assessment, followed by a
multi-criteria evaluation of the investigated ORC systems, could
integrate the thermodynamic results of this work. For this reason,
the technical parameters computed could be used as input into
cost functions of the ORC components to evaluate relevant eco-
nomic parameters. Subsequently, technical, economic and environ-
mental parameters could be introduced using an appropriate
multi-criteria evaluation procedure in order to obtain an index to
be used for the final quantitative comparison of the various exam-
ined system configurations.
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