Applied Thermal Engineering 178 (2020) 115527

APPLIED
THERMAL
ENGINEERING

Contents lists available at ScienceDirect

Applied Thermal Engineering

journal homepage: www.elsevier.com/locate/apthermeng

Check for
updates

Design of organic Rankine cycle power systems for maritime applications
accounting for engine backpressure effects

Enrico Baldasso™”, Maria E. Mondejar®, Jesper Graa Andreasen®,
Kari Anne Tveitaskog Rgnnenfelt”, Bent @rndrup Nielsen”, Fredrik Haglind®

& Department of Mechanical Engineering, Technical University of Denmark Building 403, 2800 Kongens Lyngby, Denmark
Y MAN Energy Solutions, Teglholmsgade 41, 2450 Copenhagen, Denmark

HIGHLIGHTS

e A method to optimize organic Rankine cycles for maritime applications is described.
® The method accounts for the backpressure impact on the performance of the engine.
® Neglecting the boiler design constraints can lead to an overestimation of the savings.
® The optimal system design is dependent on the engine sensitivity to the backpressure.

ARTICLE INFO ABSTRACT

Keywords: The installation of an organic Rankine cycle unit on the exhaust line of a marine engine imposes an increase in
organic Rankine cycle the backpressure on the engine, resulting in a decrease of the engine performance and a variation of the available
Backpressure waste heat. In this paper, a method is presented for the optimal design of organic Rankine cycle power systems
Z\}]E;;ei:;at recovery for waste heat recovery in marine applications. The method is based on the use of performance maps for the

engine and numerical models for the organic Rankine cycle unit and the waste heat recovery boiler, thereby
enabling consideration of the effect of the increased backpressure on the performance of both the main engine
and the organic Rankine cycle unit. The method is evaluated on a hypothetical containership fuelled by liquefied
natural gas. The results of the study indicate that the overall system fuel consumption can be reduced by 0.52 g/
kWh to 1.45 g/kWh by allowing higher backpressure levels on the engine. In addition, the results of the study
indicate that for a fixed power output of the organic Rankine cycle unit, a reduction of the space requirement for
the waste heat recovery boiler by up to 35% can be attained when increasing the maximum allowed engine
backpressure from 3 kPa to 6 kPa.

Volume estimation

1. Introduction

As confirmed in the study by Bouman et al. [1], the installation of
waste heat recovery (WHR) units is one of the most promsing solutions
to decrease the environmental impact of shipping. The prospects for
WHR arise because nearly half of the fuel energy content is released to
the environment as waste heat. This heat can be harvested in WHR units
capable of generating heating, cooling or electricity [2].

Recent evaluations indicated the organic Rankine cycle (ORC)
power systems as a suitable WHR system for on board installation [3].
The ORC technology is based on the Rankine cycle but uses an organic
compound as working fluid, leading to higher conversion efficiencies
when harvesting heat from low temperature heat sources [4]. The
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comparison studies carried out by Larsen et al. [5] and Andreasen et al.
[6] showed that the installation of ORC units on board vessels can lead
to higher power productions and increased off-design performances,
compared to the use of steam Rankine cycle (SRC) units.

Previous studies addressing the optimal design of ORC units for
marine applications focused on the identification of the most suitable
working fluid [7], on the optimization of the unit’s design given the
ship sailing profile [8], on ensuring stable operation of the unit through
the use of optimized control strategies [9], and on the definition of
methods to carry out preliminary evaluations of the techno-economic
feasibility of the installation [10].

Nonetheless, when evaluating the prospects for installing an ORC-
based WHR unit on board a vessel, it is important to consider that this
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Nomenclature

Acronyms

ECA Emission control area

IMO International Maritime Organization
LNG Liquefied natural gas

NOy Nitrogen oxides

Ntp Number of tubes per pass

Ntr Number of tube rows

ORC Organic Rankine cycle
OTB Once-through boiler

SFC Specific fuel consumption
SO, Sulphur oxides

SRC Steam Rankine cycle
WHR Waste heat recovery
Symbols

1 Length, m

P Pitch, m/ pressure, kPa

\% Volume, m*

w Electrical or mechanical power, kW
Greek symbols

7 Efficiency

A Difference

Subscripts and superscripts

exp Expander

gear Gearbox

gen Generator

1 Longitudinal

net Net

P Pump

PP Pinch point

sw Seawater

t Tube/transversal

will result in an increased complexity of the overall machinery system,
higher risk hazards due to possible interaction between the unit’s
working fluid and the engine, and a decrement of the engine perfor-
mance because of the increased backpressure [11]. The decrement of
the engine backpressure due to the increased backpressure is docu-
mented by both numerical [12] and experimental [13] works.

There are only a few previous studies considering the interaction
between the additional backpressure and the ORC/SRC unit design and
its impact on the engine performance. All but one of these studies are
related to the automotive sector, or consider stationary engines.
Katsanos et al. [14] investigated the implementation of Rankine-based
WHR units for truck applications and estimated that the installation of a
SRC bottoming cycle would result in an increase of the main engine
backpressure by 2.2 kPa. As a consequence, the authors suggested that
the WHR unit would have a limited impact on the engine performance.
Di Battista et al. [15] discussed the effects of the pressure losses pro-
duced by an ORC-based power unit mounted on the exhaust line of a
turbocharged IVECO F1C engine, operated on a test bench and con-
cluded that the use of plate heat exchangers could lead to a back-
pressure increase exceeding 25 kPa. Yamaguchi et al. [16] investigated
two different boosting strategies to counterbalance the increased
backpressure on the exhaust line of a six-cylinder heavy duty diesel
engine and concluded that the installation of an ORC unit could lead to
an improvement in fuel economy of 2.6%.

Only the work of Michos et al. [11] addressed the maritime sector.
They numerically investigated the performance of advanced turbo-
charging techniques against the backpressure caused by fitting an ORC
unit in the exhaust line of a 1.5 MW high-speed diesel engine, used as a
generator set in maritime applications. The authors of this study fo-
cused on the assessment of the engine performance as a function of the
backpressure caused by the ORC unit. However, the additional back-
pressure supplied to the engine due to the installation of the ORC unit
was assumed, rather than estimated based on the design of the WHR
heat exchanger.

This paper presents a method to design ORC power systems for
WHR in maritime applications by accounting for the effect of increased
backpressure on the performance of both the main engine and the ORC
unit. This is accomplished by combining the use of numerical models
for the ORC unit and the WHR boiler, and performance maps describing
the behavior of the engine as a function of the additional backpressure
caused by the ORC unit.

The major novel contribution of this paper to state-of-the-art is that
the design of the WHR boiler is considered when estimating the

additional backpressure to the ship engine caused by the installation of
the ORC unit. The incorporation of the WHR boiler design in the per-
formance analysis of the system comprising the ship’s main engine and
the ORC unit makes it possible: i) to estimate accurately the ORC power
production; ii) to quantify the space requirements for the WHR boiler,
and iii) to quantify the relationship between the backpressure supplied
to the engine and the space requirements for the WHR boiler.

Previous works did not fully capture the interconnection between
the additional backpressure on the engine and the optimal design of the
WHR unit. Katsanos et al. [14] numerically estimated the additional
backpressure caused by installing a SRC on the exhaust line of a truck
engine, but did not account for the effects of the additional back-
pressure on the exhaust gas mass flow rate and temperature, i.e., no
engine performance map was considered. Michos et al. [11] numeri-
cally investigated the variation of the efficiency of a four-stroke marine
engine due to increasing backpressure levels caused by an ORC unit, but
did not address the design of the WHR boiler causing the additional
backpressure, that is, Michos et al. [11] did not address the relationship
between the pinch point temperature difference in the WHR boiler and
the pressure drop caused by the WHR boiler, which may result in the
consideration of infeasible WHR boiler designs and/or incorrect system
performance estimations (see Section 3). In addition, Michos et al. [11]
considered the use of an intermediate oil loop between the exhaust
gases and the WHR boiler of the ORC unit, whereas no oil loop is
considered in this work. Finally, to the best of the authors’ knowledge,
no previous study addressed the relationship between the backpressure
supplied by the WHR boiler and its space requirements.

The method described in this work enables the estimation of the
power output of an ORC unit installed on the exhaust line of a marine
engine, the engine fuel penalty arising due to the increased back-
pressure to the engine itself, and the space requirement for the WHR
boiler. Therefore, it supports both researchers and industry in the de-
velopment of future waste heat recovery units tailored for maritime
applications.

The paper is structured as follows. Section 2 explains the applied
methods. The results are presented in Section 3 and discussed in Section
4. Finally, the conclusions are outlined in Section 5.

2. Methods

The proposed methodology is derived by integrating engine per-
formance maps, an ORC simulation framework, and a WHR boiler de-
sign model. The following subsections present a description of the
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simulation models, their validation, and the procedure which was uti-
lized to combine them for the purpose of this work.

2.1. Engine performance

This study considered the installation of an ORC unit on board a
hypothetical vessel powered by a 23 MW MAN 6S80ME-C9.5-GI engine
with part-load tuning. The engine is powered by LNG, and its main
characteristics, retrieved from the MAN CEAS calculation tool [18], are
listed in Table 1. The data for the engine exhaust gases are reported for
the engine operated at full load.

The values in the table refer to the engine operated with a back-
pressure of 3 kPa [19]. The variation of the performance of the engine
as a function of the backpressure supplied to the engine was provided
by MAN Energy Solutions [20] and is provided in Table S1 in the
supplementary material. An increase of the engine backpressure results
in an increase of the exhaust gas temperature and the specific fuel
consumption (SFC), and a decrease of the exhaust gas mass flow rate.
The impact of varying the engine backpressure was limited to the range
from 3 kPa to 6 kPa. The considered two-stroke engine needs to be
operated with a maximum allowable design backpressure of 6 kPa,
because higher backpressure levels would result in issues in the tur-
bocharging matching procedure [20].

2.2. Organic Rankine cycle model

The present work considered the implementation of an ORC power
system harvesting the waste heat from the selected marine engine op-
erated at full load. Given that the engine is powered by LNG, no limit
was set on the minimum temperature of the exhaust gases [3], as cor-
rosion by sulphur condensation is not expected.

Both recuperated and non-recuperated configurations were con-
sidered, to assess the impact of including this additional component
with the attainable ORC power output. In all cases, cyclopentane was
selected as the working fluid, because it has been shown to lead to cost-
effective ORC power systems for WHR in maritime applications [6,21].
The performance of the ORC unit was estimated using the numerical
model previously described in Andreasen et al. [22], while the ther-
modynamic properties of the working fluid were retrieved from Cool-
prop 4.2.5 [23]. The ORC net power output was computed as

"Vnct = chpf)gmﬂgcn - u/p - u./i),sw (€8}

where Wy, W, W, o represent the power of the ORC turbine, pump, and
seawater pump. Fig. 1 shows the sketch of the ORC unit. The re-
cuperator was considered only in the relevant cases.

When optimizing the ORC units, the maximum and minimum al-
lowable pressures were set to 3000 kPa and 4.5 kPa, respectively, fol-
lowing the suggestions by Rayegan et al. [24], Dresher and Briiggerman
[25], and MAN Energy Solutions [26]. Moreover, in order to avoid
problems during operation near the critical point, the ORC unit was
limited to a subcritical cycle configuration with a maximum reduced
pressure of 0.8.

As the main objective of the work is to identify the impact of the
WHR boiler constraints on the performance of ORC units, both the
turbine and the pump were modelled with a fixed value of the isen-
tropic efficiency, the recuperator was modelled with a minimum pinch
point approach, and a fixed temperature for the working fluid con-
densation was imposed. The pressure drops in the recuperator and
condenser were neglected.

2.3. Waste heat recovery boiler model

The waste heat recovery boiler was modelled as a finned tube once-
through boiler (OTB) using the numerical model previously described
and validated in Baldasso et al. [21]. The considered OTB has a
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staggered tubes layout, and features solid fins to enhance the heat
transfer coefficient on the exhaust side. Fig. 2 shows the layout of the
OTB, while Table 2 reports the heat transfer and pressure drop corre-
lations that were used in the numerical model.

The thermodynamic properties of the exhaust gases were assumed
equal to those of air at 100 kPa at the average temperature in the heat
exchanger. In addition, a minimum gas velocity of 20 m/s of the ex-
haust gases in the reduced section between the tube banks was im-
posed, according to the recommendation of MAN Energy Solutions
[19]. This constraint, initially developed for WHR boilers designed for
ships operating on heavy fuel oil, minimizes the risk of soot fires in the
OTB, because the high gas velocities ensure that the soot particles do
not deposit in the tube banks of the OTB.

LNG is known to result in lower soot formation, because soot for-
mation is favored by the presence of carbon - carbon double bonds,
which are not present in the methane molecule [27,28]. Therefore, the
attained results are expected to be on the conservative side. The
minimum distance between the tip of the fins in adjacent rows was set
to 6 mm [29]. The volume of the WHR boiler was estimated as follows:

Vors = PP, (Ntp + 1)(Ntr + 1) 2)

where [, P; and P, represent the length of the OTB tubes, and the
longitudinal and the transversal pitch. Ntp and Ntr stand for the number
of tubes per pass and the number of tube rows.

2.4. Overall optimization routines

The engine performance map, and the ORC and OTB models were
combined to create an optimization framework suitable to evaluate the
impact of changing the maximum allowed backpressure level to the
engine on the performance of the overall system in terms both of fuel
consumption and volume requirements for the OTB. Fig. 3 depicts a
sketch of the optimization routine that was used to investigate the
impact of varying the allowed engine backpressure on the optimal de-
sign of the ORC unit, and on the performance of the overall system.
With respect to the pressure drop calculations, the working fluid pres-
sure at the outlet of the boiler was kept constant, while its pressure and
temperature at the boiler inlet were updated according to the pressure
drop estimated by means of the OTB model. Single-objective optimi-
zations were conducted.

The backpressure level to the engine has a direct impact on the
characteristics of the available waste heat, and therefore multiple op-
timization runs were carried out in order to investigate the optimal
design of the ORC unit as a function of the selected backpressure level.
For each optimization run, the backpressure level to the engine was
fixed, and the designs of the ORC unit and of the OTB were optimized so
as: i) to match the predefined pressure drop in the exhaust gases side,
and ii) to fulfill a constraint on the minimum allowed boiler pinch point
temperature difference (min AT,, o75). The outputs of the calculation
routine were the ORC net power output and the volume of the OTB
(Vorg). It was decided to fix the backpressure level to the engine for
each optimization run because this leads to two advantages: i) fixing the
backpressure to the engine allows to fix the waste heat availability to
the ORC unit, meaning that the heat source characteristics do not need
to be updated during each iteration of the optimization procedure, and
ii) attaining a range of optimal ORC designs as a function of the selected

Table 1
The characteristics of the exhaust gases of the engine 6S80ME-
C9.5 at full load.

Parameter Value
Nominal power output [MW] 23
Nominal speed [r/min] 74.0
Exhaust gas temperature [°C] 251
Exhaust gas flow rate [kg/s] 51.9
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Fig. 1. Sketch of the ORC power system.
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Fig. 2. Layout of the OTB.

Table 2
Heat transfer and pressure drop correlations used in the OTB model.
Correlation
Gas side
Heat transfer coefficient ESCOA [30]
Pressure drop ESCOA [30]

Fin efficiency
Fluid side
Heat transfer coefficient (single-phase)

Weierman [31]

Gnielinski [32]

Heat transfer coefficient (two-phase) Shah [33]

Pressure drop (single-phase) Kern [34]

Pressure drop (two-phase) Friedel [35], Rouhani and Axelsson
[36]

backpressure allows to have a clear understanding of the relationship
between the considered variables (backpressure, ORC power output,
OTB volume).

In order to evaluate the impact of including the detailed OTB model
in the overall optimization procedure, additional simulations were
carried out where the OTB boiler calculation was by-passed and the
feasibility of the ORC designs was checked only by evaluating the
minimum pinch point temperature of the heat transfer process.

According to the recommendations from MAN Energy Solutions, it
was assumed that the engine exhaust piping accounts for a pressure
drop of 1.5 kPa [19]. Therefore, for every backpressure level imposed
on the engine, the maximum allowed pressure drop of the exhaust gases
in the OTB was computed as
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Engine backpressure
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Fig. 3. Sketch of the ORC optimization routine.

Table 3

Fixed input parameters in the optimization procedure.
Parameter Value
Electrical generator efficiency [%] 98
Gearbox efficiency [%] 98
Seawater pump efficiency [%] 70

Organic Rankine cycle unit

Turbine isentropic efficiency [%] 85 [38,39]
Pump isentropic efficiency [%] 70 [39]
Fluid condensation temperature [°C] 30
Recuperator minimum pinch point [°C] 20
Seawater inlet temperature [C] 15
Seawater outlet temperature [°C] 20
Once-through boiler/EGR once-through boiler
Layout Staggered (equilateral triangle)
Material Carbon steel
Carbon steel thermal conductivity [W/ m K] 48
Tube thickness [mm] 2.0
APOTB,gasside = Angine — 1.5kPa 3

Tables 3 and 4 show the list of the fixed input parameters and the
optimized variables which were considered in this study. The ranges of
the geometrical parameters for the OTB fins were retrieved from ESCOA
[30], while the allowed tube diameters/lengths were attained from
Coulson et al. [37]

The overall optimization procedure was used for two purposes: i) to
investigate the variation of the maximum ORC power production as a
function of the backpressure level to the engine; and ii) to assess the
minimum volume requirement for the OTB boiler as a function of the
backpressure level to the engine and of the ORC power output.

In the first case, the ORC net power output (W) was selected as the
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Table 4
Optimized variables and their considered ranges.

Variable Lower bound Upper bound
Turbine inlet pressure [kPa] 100 0.8 Prit
ORC superheating [°C] 5 90
ORC mass flow rate [kg/s] 1 60

OTB tube inner diameter [mm] 21.4 216
OTB superheater tube inner diameter [mm] 21.4 216
OTB tube length [m] 0.6 7.16
OTB fin height [mm] 6.4 31.8
OTB fin thickness [mm] 0.9 4.2
OTB fin spacing [mm] 3.6 25.6
OTB transversal pitch [mm] 42.85 114.3

objective for the optimization, and constraints were imposed on the
exhaust gases pressure drop across the OTB and on the minimum pinch
point temperature in the OTB. The optimization problem was therefore
set as:

Maximize Wpe
APOTB,gasside = APengine — 1. 5kPa

Subject to .
) {ATPP,OTB > Min ATy, ors @

The ORC designs attained by carrying out these optimizations give
an indication of the impact of constraining the maximum allowed
backpressure supplied to the engine on the power production attainable
by installing a WHR unit.

In the second case, the OTB volume (Vprz)was selected as the ob-
jective for the optimization, and constraints were imposed on the
minimum ORC power output and on the OTB pinch point and pressure
drops:

Minimize Vprp
APOTB,gasside = APengine — 1.5kPa

Subject to | ATppors = Min ATy, orp

Waet 2 Whet target (5)

The ORC designs attained by carrying out these optimizations give
an overview on the relationship between ORC power production and
volume requirements for the OTB, as a function of the maximum al-
lowed backpressure supplied to the engine.

The overall performance of the system comprising the ship engine
and the ORC unit was evaluated by means of the overall system specific
fuel consumption (SFCgen). This represents the specific fuel con-
sumption of the system comprising both the engine and the ORC unit,
and was calculated as follows:

SFcengine' u/;zngine

SFCystem = — n
e vvengine + u/ne[ (6)

where Wer,gm and Wj,,are the power outputs of the engine and the ORC
unit, respectively. SFCongn.is the engine specific fuel consumption,
which was varied as a function of the additional backpressure supplied
to the engine (see Table S1 in the supplementary material).

The evaluations of the OTB volume requirements and the overall
performance of the system were carried out only for the non-re-
cuperated ORC unit, because the results indicated that the use of a
recuperator resulted in a negligible increase of the maximum attainable
power production, while requiring the use of a more complex and thus
more expensive unit layout (see Section 3.1).

The overall system-specific fuel consumption was calculated also by
using the engine data described in the work by Michos et al. [11],
thereby demonstrating that the proposed method is capable of re-
plicating previously published results. When carrying out the simula-
tions with the data from the previous study, the pressure drops across
the exhaust line pipes were set to zero in order to be consistent with the
approach used in Ref. [11].
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The optimization routines were carried out using a combination of
pattern search and particle swarm optimizers, available in the Matlab
optimization toolbox [40]. The use of evolutionary algorithms for the
optimization routines follows the recommendations of Astolfi et al.
[41], indicating their suitability to find global optima in design opti-
mizations of ORC units. The solution attained through the evolutionary
algorithm (particle swarm) was further refined by running the pattern
search optimization routine using the solution of the evolutionary al-
gorithm as a starting point. The particle swarm optimizer was run for
100 generations using a swarm size of 5000 individuals, while the
pattern search optimization routine was executed for 500 iterations.

2.5. Validation of the numerical models

The numerical models used to perform design performance esti-
mations for the ORC unit were previously verified [22]. The works from
Larsen et al. [7] and Walraven et al. [42] were used for validating the
calculations of the cycle first and second law efficiencies, respectively.
The results of the validation indicated that the simulation code is able
to predict the cycle’s first and second law efficiencies with a maximum
relative deviation of 3.3%.

The waste heat recovery boiler was previously validated in Baldasso
et al. [21]. The procedure to size the boiler was verified with an ex-
ample from Verein Deutscher Ingenieure [43] with a relative deviation
of 0.66% and 0.75%, respectively, for the estimated heat transfer
coefficient and the heat transfer area. For the gas side, the heat transfer
coefficient estimation procedure was verified against examples from
Weierman [31], indicating a deviation of 4.6%, due to roundings and
unit conversion approximations. The estimated pressure drops in-
dicated a relative deviation within 20%, compared to the estimations
from Mon [44] (see Fig. 6 in Ref. [21]).

3. Results

3.1. Impact of backpressure constraint on the design of the organic Rankine
cycle unit

Fig. 4 shows the maximum ORC power output attainable as a
function of the engine backpressure and the minimum acceptable boiler
pinch point temperature. Detailed information about the design of the
optimized ORC units are provided in Table S2 in the supplementary
material. The results are attained for the non-recuperated ORC and
indicate that given a specific value for the engine backpressure, the
ORC power output tends to increase linearly when decreasing the
minimum acceptable pinch point in the OTB. Nonetheless, this appears

1700 | —%— AP=3kPa | ]
—6— AP=45kPa
1600 —¥— AP =6 kPa i
= 1500 .
=
=5 1400 ]
1300 f |
1200 1

o 15 20 25 30
Min AI})[LOTE [0 (V}

Fig. 4. Impact of backpressure and pinch point constraint on the attainable
ORC net power output.
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not to be true when considering an engine backpressure of 3 kPa. In this
case, after some threshold value, the ORC power output remains con-
stant. This happens because it is not possible to find a suitable design
for the OTB that matches the backpressure constraint with the
minimum allowed pinch point temperature. This suggests that the
choice of the heat exchanger technology to be used for the OTB and the
set of constraints for the exhaust gases (maximum allowed pressure
drop and minimum velocity) result in a minimum attainable boiler
pinch point. In particular, the minimum pinch point temperature in the
OTB that could be attained with the considered set of constraints is
equal to 18.8 °C.

Secondly, it is noted that by allowing a higher backpressure on the
engine, it is possible to design ORC units with higher net power outputs.
On average, the ORC net power output increases by 6% when in-
creasing the allowed backpressure by 1.5 kPa. This results from the fact
that an increase by 1.5 kPa in the engine backpressure leads to an in-
crease in the exhaust gases temperature by around 5 °C, and a reduction
of the exhaust gases mass flow rate by around 1.1%.

Fig. 5 depicts the maximum attainable ORC power output when
setting the engine backpressure to 3 kPa. Three cases are investigated: i)
non-recuperated ORC; ii) recuperated ORC; and iii) non-recuperated
ORC simulated without the OTB model. The results indicate that the
recuperated and non-recuperated ORC lead to a similar trend in the
attainable power output. The use of a recuperated ORC leads to an
increase in the attainable power output by 2.1%, when the minimum
allowed boiler pinch point is lower than 20 °C. This is because the use of
the recuperator allows for decreasing the minimum attainable OTB
pinch point temperature from 18.8 °C to 17.4 °C.

On the other hand, significant differences appear when the ORC
power output is estimated without accounting for the OTB model. In
this case, the ORC power output increases linearly with the minimum
allowed OTB pinch point constraint, leading to a considerable over-
estimation of the attainable power when the pinch point constraint is
below 20 °C. In particular, the attainable power output is overestimated
by 15%, when considering a minimum pinch point of 10 °C. This
happens because when the OTB design is excluded from the analysis,
the design constraint on the maximum pressure drop on the exhaust gas
side is disregarded. The differences in the estimated power output when
the pinch point temperatures are above 20 °C are due to the fact that the
working fluid pressure drops in the OTB were set to zero when by-
passing the OTB model.

3.2. Impact of backpressure constraint on volume requirements

Fig. 6 shows the impact of the engine backpressure and ORC power
output on the minimum required OTB volume for the non-recuperated
ORC case. Detailed information about the design of the optimized ORC
units is provided in Table S3 in the supplementary material. The results
suggest that the OTB volume increases when designing ORC units with
higher net power outputs. This increment is nearly exponential and
results from the fact that: a) higher power outputs can be attained only
by accepting a lower pinch point temperature in the OTB, and b) the
velocity of the exhaust gases needs to be reduced in order to keep a
constant backpressure on the exhaust gases side. The need to have
lower a pinch point in the OTB, and the reduced velocity of the gases,
which leads to a lower heat transfer coefficient, results in a more than
linear increase in the required heat transfer area. Considering the im-
pact of the imposed gas-side backpressure constraint, it appears that,
for a given power output of the ORC unit, allowing higher pressure
drops in the OTB results in a sharp decrease in the required OTB vo-
lume. In particular, considering an ORC net power output of 1,300 kW,
the required OTB volume is of 7.37 m?, 5.60 m®, and 4.76 m®, re-
spectively, for an engine backpressure of 3 kPa, 4.5 kPa and 6 kPa. On a
relative basis, the required volume decreases by 24% and 35%, when
relaxing the backpressure constraint from 3 kPa to 4.5 kPa and 6 kPa,
respectively. This suggests that allowing increased gas-side
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backpressures allows more compact designs for the OTB. From the
engine perspective, increasing the backpressure from 3 kPa to 4.5 kPa
and 6 kPa results in an increase of the SFC by 0.19 g/kWh and 0.38 g/
kWh, respectively. In relative terms, the engine SFC increases by 0.13%
and 0.27% when increasing the backpressure from 3 kPa to 4.5 kPa and
6 kPa, respectively.

3.3. Impact on the overall system performance

Figs. 7 and 8 show the impact of installing the non-recuperated ORC
unit on the specific fuel consumption of the combined system. Fig. 7 is
based on the engine data that was presented in this paper (see Table S1
in the supplementary material), while Fig. 8 is based on the engine data
provided in Michos et al. [11]. Specifically, the plots show the overall
system SFC as a function of the engine backpressure and minimum
acceptable pinch point temperature in the OTB.

The results shows in Fig. 7 indicate that the installation of an ORC
unit in the engine featured in this article leads to a reduction of the
overall SFC in the range from 8.1 g/kWh to 9.4 g/kWh. Similarly, Fig. 8
suggests that the installation of an ORC unit in the engine described in
Michos et al. [11] results in a reduction of the overall SFC in the range
from 19.6 g/kWh to 20.7 g/kWh.

Looking at Fig. 7, it is possible to conclude that when the OTB
minimum pinch point is set to 20 °C, there is an almost linear trend
between the overall system SFC and the engine backpressure. Such
linear trend was also found in the work of Michos et al. [11]. However,
the results presented in the work of Michos et al. [11], which were
successfully replicated in this work (see Fig. 8), indicated an increase of
the overall system SFC when increasing the engine backpressure.

The difference in the trend is not due to the applied method (be-
cause the trend of the previous work was replicated using the method
presented in this work) and can be explained by the fact that Michos
et al. [11] considered a four-stroke auxiliary engine whose specific fuel
consumption is more affected by the backpressure in comparison to the
two-stroke engine considered in the present work. In addition, the en-
gine turbocharging strategy utilized in Michos et al. [11] leads to lower
variations in the exhaust gases temperature as a function of the addi-
tional backpressure, making the attainable ORC net power output less
dependent on the engine backpressure.

In both cases, the selected backpressure level has a limited impact
on the overall system SFC. For example, when considering a minimum
pinch point temperature of 20 °C for the OTB, the installation of the
ORC unit leads to a reduction of the overall system SFC (compared to
the engine base SFC of 141.2 g/kWh) by 5.5%, 5.8% and 5.9%, when
setting the engine backpressure to 3 kPa, 4.5 kPa and 6 kPa,

1600 T T . : .
. = === No OTB, no recuperator
Yo —O— Recuperator
1500 “v. | ——No recuperator )
= 1400 | l
= 1300t 1
1200 T

10 15 20 29 30
Min AT, ors [°C]

Fig. 5. Impact of using a recuperator on the maximum attainable ORC power
output. The engine backpressure is set to 3 kPa.
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Fig. 7. Impact of backpressure and pinch point constraints on the overall ma-
chinery system performance. The engine SFC without the WHR unit is 141.2 g/
kwh.
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chinery system performance. The results are attained using the engine perfor-
mance data provided in Michos et al. [11]. The engine fuel consumption
without the WHR unit is 183.8 g/kWh.
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Fig. 9. Estimated overall machinery system performance with and without
accounting for the OTB model. The results are presented for the case where the
minimum allowed pinch point temperature in the OTB is set to 10 °C.

respectively.

Based on the results shown in Fig. 7, it is possible to conclude that
the trends for the cases where the boiler pinch point is constrained to
15 °C and 10 °C show a sharp decrease when increasing the engine
backpressure from 3 kPa to 4.5 kPa. These sharp decrements corre-
spond to the sharp increases in the attainable ORC power output, which
were reported in Section 3.1 (see Fig. 4).

In particular, the overall system SFC decreases by 0.72 g/kWh and
1.19 g/kWh when relaxing the backpressure constraint from 3 kPa to
4.5 kPa, with a boiler pinch point constraint of 15 °C and 10 °C, re-
spectively. Similarly, relaxing the backpressure constraint up to 6 kPa
results in a reduction of the overall system SFC by 0.52 g/kWh, 0.95 g/
kWh and 1.45 g/kWh compared to the 3 kPa case, for a minimum boiler
pinch point of 20 °C, 15 °C and 10 °C, respectively.

Fig. 9 shows a comparison of the estimated overall system SFC when
including the OTB model in the overall methodology, and when esti-
mating the ORC performance just by imposing a boiler minimum pinch
point temperature. The presented case is the most extreme when the
minimum OTB pinch point is set to 10 °C.

The figure indicates that by not considering the design of the OTB
and its constraints, it is possible to overestimate the SFC savings that
are attainable by implementing an ORC unit. This happens because, as
previously discussed and shown in Fig. 5, the boiler design constraints
hinder the attainment of the assumed minimum pinch point tempera-
tures. As a consequence, the ORC net power output is lower compared
with that of an approach not considering the design of the OTB and its
constraints. In particular, when setting the engine backpressure to
3 kPa, the estimated overall system SFC was estimated to be 133.34 g/
kWh and 132.24 g/kWh, when considering the two modelling ap-
proaches, respectively. In relative terms, the savings correspond to a
reduction by 5.6% and 6.3% of the engine SFC, respectively. This in-
dicates that the implementation of an approach which does not include
a suitable OTB model can lead to a noticeable overestimation of the
attainable fuel savings.

Fig. 10 depicts the impact of installing the ORC unit with a con-
strained OTB volume on the overall system SFC. As detailed in Fig. 6,
constraining the OTB volume directly impacts the attainable ORC
power output, because a larger OTB is capable of extracting higher
amounts of heat from the exhaust gases. Fig. 10 indicates that allowing
higher volumes for the OTB results in a decrease of the overall system
SFC. Considering an engine backpressure level of 6 kPa, the overall
system SFC decreases from 133.4 g/kWh to 132.7 g/kWh and 132.2 g/
kWh, when the OTB volume is increased from 6 m>, to 8 m® and 10 m?,
respectively.

Moreover, the results shown in Fig. 10 suggest that when
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Fig. 10. Impact of backpressure and OTB volume constraints on the overall
machinery system performance. The engine SFC without a WHR unit is 141.2 g/
kwWh.

considering the performance of the overall system, the ORC unit should
be designed for the maximum allowed engine backpressure, regardless
of the considered volume constraint for the OTB. This is in agreement
with the trends identified in Fig. 7, and suggests that for the considered
case study, the optimal system performance is attained when designing
the ORC unit for the largest allowed engine backpressure (6 kPa).

4. Discussion

The proposed methodology to assess the performance of the system
comprising a ship’s main engine and an ORC WHR unit was applied
both to a two-stroke dual fuel engine and to the four-stroke diesel en-
gine previously investigated in the work of Michos et al. [11]. The re-
sults indicate that when considering the two-stroke dual fuel engine,
the SFC of the overall system can be minimized by accepting higher
backpressure levels on the engine. The opposite result is found when
using the engine data for the four-stroke engine. It appears therefore
that the optimal design point should be evaluated from case to case, and
that the most crucial parameters to consider are the engine sensitivity
to the backpressure level and the engine turbocharging strategy, which
directly affects how much the ORC power output is dependent on the
engine backpressure level.

The ORC volume requirements are an important parameter to
consider when designing WHR units for marine applications. The re-
sults presented suggest that accepting higher backpressures on the en-
gine allows realizing more compact OTBs. The increased compactness is
beneficial, especially because the OTB is generally installed in the ex-
haust stack where the space availability may be limited or constrained
in one of the dimensions (i.e. length or width available for the OTB).

With respect to the OTB design, only finned tube heat exchangers
with solid fins and staggered tube layouts were considered in this study.
Different layouts of the tubes/fins could be considered, including par-
allel tube layouts, serrated fins [30] and H-type finned tubes [45]. A
dedicated study could be carried out to identify the optimal boiler de-
sign that maximizes the heat transfer while maintaining the exhaust
gases pressure drops within the considered constraints.

As detailed in the work of Pili et al. [46], the weight of the ORC unit
is also an important parameter in defining the economic feasibility of
WHR units in the transportation sector. In fact, the weight of the ORC
adds to the total transported weight and thus leads to an increase of the
overall fuel consumption of the truck/vessel. However, when focusing
on the maritime sector, the weight of the ORC can be considered neg-
ligible compared to the weight of the ship and its payload. Therefore, it
was assumed that the additional weight due to the installation of the
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ORC unit has no impact on the ship’s fuel consumption.

With respect to the working fluid selection, all the evaluations were
carried out considering cyclopentane as working fluid. The selection of
the working fluid is not expected to have a significant impact on the
relationship between the attainable power output and backpressure
level supplied to the engine by the ORC unit

Lastly, it should be mentioned that in many cases, intermediate oil
loops are used to transfer the heat from the engine exhaust gases to the
ORC fluid. In this case, the heat exchanger affected by the backpressure
constraint would be the one transferring the heat from the exhaust
gases to the thermal oil. Additional studies need to be carried out to
quantify the impact of using an intermediate oil loop while allowing for
an additional engine backpressure. Nonetheless, in order not to limit
the ORC power output, the thermal oil needs to receive the heat from
the exhaust gases at a higher temperature compared to that of the ORC
fluid, suggesting the need for a larger heat transfer area (because the
overall heat transfer coefficient is practically dominated by the exhaust
gas side). The engine performance is therefore expected to be affected
to a larger extent when increasing the backpressure compared to the
case where no intermediate oil loop is used. However, the use of an
intermediate oil loop facilitates the control of the minimum tempera-
ture in the exhaust gas heat exchanger, thus minimizing the risk of its
failure.

5. Conclusions

The present study investigated the optimal design of organic
Rankine cycle-based waste heat recovery units for maritime applica-
tions accounting for the effect of the increased backpressure on the
engine, both on the design of the organic Rankine cycle unit and on the
performance of the overall machinery system.

The findings of the study suggest that the combination of the
maximum engine backpressure and minimum exhaust gas velocity
constraints, result in a constraint in the maximum amount of heat that
can be extracted by the waste heat recovery boiler. As a consequence,
designing organic Rankine cycle units with a minimum pinch point
temperature approach could result in the attainment of unfeasible de-
signs for the waste heat recovery boiler.

When considering the space requirement of the waste heat recovery
boiler, the evaluations indicate that, for a given design power output of
the organic Rankine cycle unit, the space requirements decreases when
allowing higher backpressure levels to the engine.

Analyzing the efficiency of the overall system including the main
engine and the waste heat recovery unit, it emerges that it is necessary
to include detailed calculations for the waste heat recovery boiler in
order to identify the backpressure level to the engine that maximizes
the overall performance. The evaluations considering the engine de-
scribed in this paper indicate that increasing the backpressure level to
the engine leads to a reduction of the overall fuel consumption. On the
contrary, a minimization of the engine backpressure is required to
maximize the efficiency of the system in case the engine described in
Michos et al. [11] is considered. The contradiction in findings suggests
that the optimal design point is dependent on the engine sensitivity to
the engine backpressure level and, hence, should be evaluated for each
specific case.

Lastly, the results presented enlightens the importance to consider
design approaches including the detailed the design of the waste heat
recovery boiler, because the omission of suitable evaluations for such
component can result in an overestimation of the attainable fuel sav-
ings.
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