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Article history: Marine diesel engines are commonly used as a propulsion system in ships. The waste
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Available online 1 February 2023 diesel engine using different types of biofuels production methods from selected
microalgae via mathematical modelling. The microalgae are from species of
Synechococcus PCC 7002, Nannochloropsis oculata sp, Chlorella protothecoides, and
Dunaliella sp. A marine engine with an exhaust gas of 9086.61 kg-h-1 is taken as a case
study. While the conventional diesel engine has a performance efficiency of 30-40%
with a power output of 35-200K, this study has indicated that the marine diesel engine
in the ORC via biofuel from algae shows higher performance at approximately 51% with
a net power output of approximately 160kW obtained for each biofuel. Later, the
thermal efficiency of the ORC system with exhaust gas from the marine diesel engine as
waste heat recovery is improved to 61% with a net power output of approximately
353kW after the heat integration. Biodiesel presents the highest mass flow rate (1.12

Keywords: kg-s-1) compared to others. This study proved that biofuel from microalgae can achieve
Organic Rankine cycle; Biofuel; the highest performance in the ORC system with the lowest mass flow rate of biofuel
Microalgae compared to those in conventional fuel.

1. Introduction

The efficiency of diesel engines is only approximately 35%, while the remaining energy being
released into the atmosphere. Even though improvements in diesel engine efficiency are still on-
going, a large amount of energy is still emitted to the surroundings with the exhaust gas [1-2].
Thimmanoor [3-5] states that, based on the heat balance of marine engines, the exhaust gas is the
largest source of waste heat energy with a relatively higher temperature. The high source
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temperature is beneficial due to its leading to a relatively larger difference between the evaporation
and condensation temperatures of the working fluid.

The term ‘waste heat recovery’ is significantly related to improved energy utilization. In
combination with engine development, the reuse of waste heat from diesel engines for useful work
may increase system efficiency and decrease fuel consumption and production of acidic gas [6-8].
There are siximportant main factors that need to be taken into consideration, as they possibly disturb
the possibility of waste heat recovery, namely, temperature, pressure, pressure drops, flow rate,
allowable temperature, and chemical composition. The total availability of energy in waste heat
sources can be determined by temperature, flow rate, specific heat, or the enthalpy of the waste
heat stream [9-12].

Organic Rankine cycles (ORC) operate from low-temperature heat sources are commonly used
for power generation. The available energy resources are solar energy, wind, biomass products,
geothermal energy, surface seawater, and others, including waste heat from various thermal
processes [13-17]. For temperature below 200°C, Isobutene is a common working fluid, while toluene
is often used at higher source temperatures. Several studies have shown that pentane, propane,
heptane, hexane, aromatics such as toluene and benzene, and refrigerants such as R113, R114, and
R22 [18] are fluids that have been used for ORC applications.

As their oil production is far higher than that of terrestrial plants, biofuels from microalgae
feedstock have been shown to be potential feedstock for future organic working fluids. Microalgae
feedstock does not compete with food supplies and does not require high quality agricultural land;
the supply is available continuously, it is able to grow under hasher condition, it is non-edible, and it
shows highly genetically modifiable nature and fast growth rate when compared with conventional
fuel [14-18]. In addition, the main advantages of using biofuels from microalgae as organic working
fluids in an ORC system compared to a conventional fuel include the following: (i) it does not produce
hazardous waste or pollution, (ii) it is carbon neutral, (iii) it produces highly biodegradable biofuels
and less toxic, (iv) and it has a lower vapour pressure [19, 21, 23-26]. Some of microalgae and bacteria
can act as self-propelled up swimming microorganisms and can be categorised as oxytaxis, gyrotaxis
and gravitaxis [27].

However, very few studies regarding the production of biofuel from microalgae as working fluids
in the ORC have been reported. Thus, this work studies the potential via the performance analysis of
microalgae biofuel from selected species as the organic working fluid in the ORC system. This study
presents the improved waste heat recovery and performance of ORC for exhaust gas from a marine
diesel engine using biofuel from algae. The selected of marine diesel engine was a combined
parameter of an inline six-cylinder turbocharged engine developed by Hudong Heavy Machinery Co.
Ltd., [28] and a dual fuel low-temperature combustion engine [29]. This paper is consisting of four
parts. The first part offers a general overview of the organic Rankine cycle and sets out the guidelines
for this paper. The second part will describe the overall system design and show conceptual design
through a description of each unit in the system. The third part will present the overall material
balance and prediction of volume cultivation from microalgae culture. In the last part, the heat
balance of the system and heat integration based on different biofuels will be presented. In the case
study, the exhaust gas capacity was assumed to be 9086.61kg-h"! based on 996kW of power output.
The results show that the thermal efficiency of the ORC system with marine diesel exhaust gas as
waste heat recovery increases from an average of 35% for conventional engine to 51% and 61% after
heat integration. While the performance of conventional types of fuel, such as toluene, benzene, and
cyclohexane show thermal efficiency less than 30%.
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2. Methodology

In the present research, the selected marine diesel engine consisted of a combination of
parameter data from the inline six-cylinder turbocharged engine developed by Hudong Heavy
Machinery Co. Ltd., [28] and a dual fuel low-temperature combustion engine [29], which were used
as case studies. Table 1 displays the key parameters for the marine diesel engine under design
conditions. The exhaust gas heat capacity was used as the air condition, assuming 1.1kJ/kg.K. There
were a few assumptions that were applied to the process cycle, where the total mechanical portion
of the turbine system and generator might show losses of approximately 5% due to isentropic turbine
work; however, the pressure drops were negligible, and the process was in the steady state.

Table 1

Design condition of parameters for the ORC proposed
Parameters Symbol Value Unit References
Inlet temperature of exhaust gas Texh,in (T3) 573.15 K [28]
Outlet temperature of exhaust gas Texhout (T4) >353.15 K This study
Mass flow rate of exhaust gas Mexh 9086.61 kg/h This study
Condensing temperature Teond 303 K [29]
Turbine efficiency Nturb 82 % [29]
Pump efficiency Npump 80 % [29]
Inlet temperature of cooling water/seawater Tew,in 298.15 K [28]
Minimum temperature difference of the condenser ATcond 6.0 K [28]
Heat exchanger effectiveness € 0.01 - [28]
Quality of working fluid leaving evaporator X 1 - [28]
Evaporator pressure Pevap 2.0 MPa [28]
Molecular weight of seawater MWseawater  18.63 kg/kmol -
Heat capacity of seawater Cpseawater 3.9850 ki/kg.K -
Assumption of correction factor for mass flow rate of seawater a 2 - This study

The simplest schematic diagram of the ORC system consists of four major component processes,
namely, the turbine, condenser, evaporator, and pump. The organic working fluid of the biofuels is
heated by exhaust gas from the marine diesel engine in the evaporator (5-5’-6’-6 process), the
organic working fluid transforms into vapour and expands in the turbine to create useful work output
(6-7 process) before the condensation pressure occurs, and the after-condensed organic working
fluid (point 7) is transferred to the condenser (point 7’) in order to remove heat until the
condensation temperature is reached (7-7'-8’-8 process). The pumping of the organic working fluids
must occur when they are condensed in order to reach an absolute liquid state (point 5). In the form
of condenser liquid, the organic working fluid is then cooled using seawater. Then, the organic
working fluids are pumped from the condenser back to the evaporator (5-6 process). The process of
ORC consists of two constant entropy processes, which were at the processes (6-7) and (8-5) where
the dQ=0, and two constant pressure processes, which were at the process (7-8) and (5-6) where the
dP=0.

The process of the transformation of working fluids in the ORC component system can be divided
into phase changes by sub-transformations by using a thermodynamic analysis based on modelling
work. For the complete processes (7-8-5-3) of the marine diesel engine and the ORC system, the cycle
of phase would be divided into one-phase after the pump (7-8), two phases in the evaporator (8-5),
and the one-phase before the turbine (5-3). After expanding in the turbine to produce the work
output at the stream (3-4), a two-phase working fluid after the turbine at the stream (9-4) and a
single-phase after condenser at the stream (9-10). Then, the process of the sub-cooler (10-6) occurs
for working fluids to condense completely before entering again into the pump to complete the cycle.
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In the study, the exhaust gas and seawater outlet temperature in the evaporator and condenser
varied with an interval temperature of 5K, while the exhaust gas and seawater inlet temperature
remained at constant temperatures of 573.15K, and 298.15K, respectively. The detailed description
of an overall ORC system with the parameter data are shown in Figure 1.
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Fig. 1. Flowchart diagram shows the overall ORC system with parameter
data

2.1 Material Balance
There are 10 streams involved for the overall material balances in the processing system. The

following section explains the development of the material balance equations in each component.
The overall combustion reaction involved in a marine diesel engine is given by the following:

C + 0, > CO, (1)
CS, + 30, — CO, + 250, (2)
4H + 0, - 2H,0 (3)
2C+ 0, - 2CO (4)
2NO + 0, - 2NO, (5)
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S+ 0, - SO,

The flow rate of the reactant is defined as follows:

F M1 = Fno
Fnz2+Fno2
Fpg = (Rt
YN2

Ratio of HC = H
Fc

The product exhaust gas for a marine diesel engine shall be defined as follows:

e The mass balance for oxygen (02):

(K xPE)
Fop = —
MWq3

e The mass balance for carbon dioxide (CO3):

(KxPE)
Feor =
MWco2

e The mass balance for carbon monoxide (CO):

(K XPE)
Feo =
MWeco

e The mass balance for sulfur dioxide (SO3):

(KXPE)
MWso;

Fsop =

e The mass balance for nitric oxide (NO3):

(K XPE)
Froy = o2
NO2 MWpo2

e The mass balance for hydrocarbon (HC):

__ (KxPE)
Fye = ——
MWpc

e The mass balance for nitrogen (N2):

(K XPE)
Fyg =——
MWy

e The mass balance for water (H,0):

(6)

(7)

(8)

(9)

(10)

(11)

(12)

(13)

(14)

(15)

(16)
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(K xPE)
MW420
e The mass balance for C:

Fcop X1 mol C FcoxX1mol C Fycx1mol C
Fe=( + + (18)
1 mol CO, 1 mol CO 1 mol HC

Frao = (17)

e The mass balance for H:

_ Fyp0%2 mol H FycX1mol H
FH_( 1 mol H,0 )+( 1 mol HC ) (19)

For a base case of the composition of exhaust gas, in order to determine the fuel used in stream
1, there is need to analyse and solve atomic species balances, which were nH and nC, by using Eq.
(18) and Eq. (19). Based on the analysis of the species balance, the results show that the mole
amounts of H (nH) and C (nC) are approximately 35.52kmol and 12.52kmol, respectively. Then, the
ratio between nH and nC can be calculated using Eq. (9). The fuel composition may therefore be
described by the formula (CHx)n. Since the ratio of H to C is close to 2.84 or approximately 3, the fuel
is essentially CoHe and CsHs, perhaps with trace amounts of other hydrocarbons. In this case study,
the assumptions regarding the fuel might be derived from C;Hs as a burning hydrocarbon. Therefore,
the reaction occurring in the marine diesel engine can be found as follows:

C;Hg + 205 > 2C0, + 3H,0 (20)
C;Hg + 20,5 = 2C0 + 3H,0 (21)

The mass balance of the fuel shall be calculated as follows:
e The mass balance for fuel:

Fuacans = Fue + (225 et ) (i maico,sememed ) (22)
In the ORC system, the mass balance of the cycle is given by the following:
e The mass balance for C;HgO:

Feaneo 5 = Feaneo,6 = Feaneo,7 = Feameo,s (23)
e The mass balance for H,O (seawater):

Fi20 ¢ = Fuz0,10 (24)

2.2 Prediction of Volume Cultivation from Microalgae Culture

The ORC modelling system can be modelled as a closed thermodynamic system which uses four
different biofuels, namely, bioethanol, biodiesel, biohydrogen, and biomethane, as organic working
fluids from selected microalgae. The selection of microalgae species for bioethanol production was
taken from Chlamydomonas fasciata Ettl 437, Dunaliella tertiolecta and Synechococcus PCC 7002,
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with yields of approximately 14.4g/L.day, 8-9g/L.day and 30g/L.day, respectively. Dunaliella salina,
Nannochloropsis oculata and Neochloris oleoabundans were the species selected for biodiesel
production, with lipid productions per day of 116mg/L, 84-142mg/L and 90-134mg/L, respectively.
Meanwhile, the yield of Tetraselmis striata Butcher from marine green algae was approximately
20.11mL/L, and two species from freshwater green algae, Chlorella protothecoides and Chlorella sp.
with yields of 123.60mL/L and 24mL/L, respectively, were used for biohydrogen production. The
selection of microalgae for biomethane was taken from Dunaliella, Chlorella Vulgaris and
Chlamydomonas reinhardtii, with vyields of approximately 0.44L/g.VS, 0.31-0.35L/g.VS and
0.39L/g.VS, respectively. Any use of methane as a working fluid needs a very low boiling point to be
considered, and the pressure in the absorber with correspondingly high system pressures will be
large [18]. The biofuels yielded, including bioethanol, biodiesel, biohydrogen, and biomethane, for
selected microalgae species are shown in Table 2.

Table 2
Yield of biofuel production [30-33]
Biofuel Microalgae Yield
Chlamydomonas fasciata Ett| 437 14.4 g/L.day
Bioethanol Dunaliella tertiolecta 8-9 g/L.day
Synechococcus PCC 7002 30 g/L.day
Dunaliella salina 116.0 mg/L/day
Biodiesel Nannochloropsis oculata 84.0-142.0 mg/L/day
Neochloris oleoabundans 90.0-134.0 mg/L/day
Tetraselmis striata Butcher 20.11 ml/L
Biohydrogen Chlorella protothecoides 123.60 ml/L
Chlorella sp. 24 ml/L
Dunaliella sp. 0.44 L/g VS
Biomethane  Chlorella vulgaris sp. 0.31-0.35 L/g VS

Chlamydomonas reinhardltii sp. 0.39L/g VS

The volume of cultivation for microalgae was assumed to be approximately 100litres/s. The
prediction of the mass flow rate of microalgae can be estimated using Eq. (25), as follows:

mmicroalgae =Y XV (25)

where Y is productivity/ yield of biofuel and V is volume of cultivation.
Therefore, the volume prediction of the microalgae culture for each species can be determined
using Eq. (26), as follows:

__ Mpjofuel XY
Vprediction I (26)

Mmicroalgae

2.3 Heat Balance

Heat management is a main problem in the ORC system. The system of ORC is the process that
will produce electricity with enough heat of transfer. The net output and the ORC system efficiency
can be calculated from the energy balance. The ORC system is a conventional process that uses heat
to produce work output, which can produce electricity via a generator. The ORC system is developed
as a closed type of thermodynamic system. It uses biofuels, such as bioethanol, biodiesel,
biohydrogen, and biomethane, from chosen microalgae as an organic working fluid.
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2.3.1 Evaporator

The exhaust gas of a marine diesel engine enters the evaporator (E2) at temperature Ts. Then,
from the evaporator, the same composition of exhaust gas will leave the evaporator at temperature
Ta. The exhaust gas transfers heat (Q) to the organic working fluid to reheat the working fluid in the
evaporator. Under state 3 to state 4 in the evaporator, the sensible enthalpy of the exhaust gas is
used to heat the organic working fluid, which is the used biofuels from state 5 and state 6 in the
saturated vapour phase. In the evaporator, the heat loss from the exhaust gas can be determined as
follows:

Qevap, out — mextheXh(Texh,in - Texh,out) (27)

where the mass flow rate of the exhaust gas in kg/h (mexn), the constant specific heat capacity of the
exhaust gas assuming around 1.1kJ/kg.K (Cpexn), the outlet temperature of the exhaust gas that leave
the evaporator (Texh, out), the inlet temperature of the exhaust gas entering the evaporator (Texn, in),
and are lost to the surroundings. Meanwhile, the heat is obtained from the exhaust gas into the
organic fluid in the organic fluid streams in the evaporator changing from low to high temperatures
before entering the turbine. Therefore, the heat release that can be absorbed from state 5 to 6 in
the evaporator is given by the following:

Qevapm = 2e=ts) (28)
Eq. (28) for process 5 to 6 can be simplified as follows:

Qevapn = LA T (29)

AH = [ CpdT (30)

where the heat received from the exhaust gas by the organic fluid (Qevap), the heat exchanger
effectiveness (g) and taken as 0.01 [28], the temperature inlet of the organic working fluid entering
the evaporator (Twt, in) and the temperature outlet of the organic working fluid that leaves the
evaporator (Twt, out). Enthalpy change and heat received for the working fluid can be calculated using
Eqg. (29) and (30), respectively, where the Cput is heat capacity of biofuels, such as bioethanol
(2.100kJ/kg.K), biodiesel (1.850kJ/kg.K), biohydrogen (14.310kJ/kg.K) and biomethane
(2.232kJ/kg.K), by assuming that the properties of biofuels are similar to those of conventional
substances.

2.3.2 Turbine
The organic working fluid from the evaporator in the superheated vapour phase then enters and
expands into the turbine to produce work, where it can cause the generator to produce electricity.

The work output at process 6 to 7 in the organic turbine can therefore be calculated and defined as
follows:

VVturb,out = 77turbV|/turb,idea| = nturbmwf(h6 - h7s) = mwf(h6 - h7) (31)
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where Wiurb, out is known as turbine power for ORC. Therefore, Eq. (31) can be summarized as follows:

VVturb,out = nturbmwapr(wa, out — wa, in) (32)

where the isentropic efficiency of the turbine at 82% (ntw), the mass flow rate of organic working
fluid (mwf) and specific heat capacity of organic working fluid (Cpwf), and the outlet and inlet
temperatures of the organic working fluid of the turbine for the ideal case (Twf, out and Tws, in),
respectively, and the ideal power of the turbine (W+urb, ideal)-

2.3.3 Condenser

Afterward, the process proceed with the organic working fluid enters the condenser from the
turbine. Then, fluid is converted to the liquid phase from the saturated liquid-vapour mixture phase
where it releases heat to the atmosphere from state 7 to state 8 using seawater as the cooling
medium. In process 7 to 8, heat rejected in the organic working fluid for the condenser is given by
the following:

myCp wi (wa,out —Twijin )

Qcondlout - (33)

1-¢

where the heat rejected from the organic working fluid to seawater (Qcond, out), the heat exchanger
effectiveness (g), the heat capacity of organic working fluid (Cpwt), and the inlet and outlet
temperatures of the organic working fluid that enters and leaves the condenser (Twt, in and Tws,out),
respectively.

MmewCp cw (Tcw, out_Tcw,in)

1-¢

Qcond’in -

(34)

However, in the cooling area, Qcong, in is the heat absorbed by the cooling seawater, € is the ratio
of heat effectiveness of the heat exchanger, Cpcw is the cooling water heat capacity, and Tew, out and
Tew, in are its outlet and inlet temperatures, respectively.

2.3.4 Pump

Finally, the process proceed with the organic working fluid enters the pump from the condenser
in the liquid phase and then is drained and feed to the evaporator unit at such a higher pressure in
state 5 to complete the cycle process of ORC. Process 8 to 5 in the organic working fluid pump shall
be defined as follows:

w i mys(hs—hgs)

_ pump,ideal __ wf\/l5 8s) __

Wpump,in - - - mwf(hS - h8) (35)
Npump MNoump

where the pump power of the ORC system (Wpump, in), the isentropic enthalpy of the organic working
fluid after compression in the organic working fluid pump (hss) and the efficiency of the pump (npump).
However, Eq. (34) can be simplified as follows:

C T T
Wpumpin — Myt pwf( wf,out wf,ln) (36)
’ Noump
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where the ideal power of the pump (Wpump, ideat), the isentropic efficiency of the pump for an
efficiency of 82% (npump), the mass flow rate and specific heat capacity of the organic working fluid
(mwr and Cpwi), respectively, and the outlet and inlet temperatures of the organic working fluid of the
pump for the ideal cases (Twf, out and Tus, in), respectively. The ORC system’s net power output can be
calculated as below:

Worc,net = VVturb,out - Wpump,in (37)

where Wor, net is the ORC’s net power output. The thermal efficiency of the ORC system, Nnet, can
therefore be determined in the following:

Worc,net Wturb,out_Wpump,in
Mnet = = (38)

Qevap,out Qevap,out
where Qevap, out is the heat released from the evaporator.
2.4 Pinch Point and Pinch Point Temperature Difference (PPTD) Analysis

The difference between the exhaust gas temperature and the temperature at which the organic
fluid starts to vaporize defined as the pinch point temperature difference (PPTD) [40], in which it
plays a significant role in influencing the heat transfer performance. The ORC heat exchanger, which
is in the evaporator, this is known as the smallest heat transfer temperature difference and the
efficiency limits of the ORC heat exchanger will be determined. The point where the difference in
temperature between two fluid streams within the heat exchanger is at a least known as the pinch
point, and the difference in temperature at the pinch point known as the PPTD [41]. Jung et al., [41]
state that the phase change in the evaporation and condensation processes created an internal pinch
point, and PPTD can be identified by plotting the temperatures of the fluids as a function of the heat
transfer rate, such as with a T-Q diagram [28]. Analysis of the pinch point temperature in evaporator
and condenser can be estimated as follows:

T s,in, -T s,out,
Tpinchrevaporator = b(AHSS' - AHSG) + Ths,in =2 3AH56h = (AHSS‘ - AHSG) + T3 (39)
— _ TCW,Outlo_Tcw,ing
Tpinch:condenser = C(AH77‘ - AH78) + Tcw,in - AHyg (AH77' - AH78) + T9 (40)

where b is the slope of line 3-4, and AHss and AHys are the enthalpy differences between points 5 and
6 and points 7 and 8, respectively. In addition, c is the slope of line 10-9, and AHss and AH77 are the
enthalpy difference between points 5 and 5’ and points 7 and 7', respectively. The PPTD for
evaporator and condenser can be defined as follows:

I:’F’-I-Devaporator = Ipinch — T5' (41)

I:)P-I-Dcondenser = Ipinch — T7' (42)

10
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2.5 Heat Integration of the ORC System

Process integration is known as a system-oriented approach to process design in order to sustain
overall system development. The use of pinch analysis techniques in heat integration has been
recognized as an important tool for analysing and development by process integration of efficient
processes [42-45]. The pinch analysis techniques for integrating heat into the ORC component system
with a marine diesel engine were used in this paper. As a heat source, the waste heat above the
process pinch point was used to integrate with the ORC system for power production. The heat
integration in the ORC system with the marine diesel engine achieved the conversion of low-grade
energy (waste energy) to high-grade energy through shaft work and electrical power. The result of
this application will reduce diesel fuel consumption and enhance system-level energy efficiency as
well as energy recovery.

The heat integration in the ORC system never consumes any additional fuel; it is known as an
energy-saving measure, and, as a result, reduces the emission of environmental pollutants [44,46].
In the process, there is exhaust gas (hot streams) to be cooled after integrating with organic working
fluids (cold streams) to be heated. The modelling of heat integration is focused on evaporator
components and two added new components, namely, the superheater and preheater. It is assumed
that the superheater and preheater are counter-current heat exchangers with a specified minimum
driving force of temperature (ATmin). From the sub-cooled liquid phase to the saturated vapour phase,
the organic working fluid is heated until superheated vapour is formed (from state 5 to 6). Therefore,
in integration, the evaporator is then modelled by adding three sub-units, which are preheating,
evaporator (saturated liquid-vapour mixture) and superheating sections. The energy balance is
therefore shown as follows for the superheated, two-phase (saturated liquid-vapour mixture), sub-
cooled sections and overall evaporator.

Qevapsup = MwiMyi(Tg — Tsp) = MeynCp,,, (T3 — T3) (43)
Qevap,twp = MuwMut(Tsy — Tsa) = MeenCPy, (T2 — T3p) (44)
Qevapsub = MyiMyi(Tsy — Ts) = MeynCp, ,(T3p — Ty) (45)
Qevap,overall = MyiMyi(Tg — Ts) = MenCp,,, (T3 — Ty) (46)
3. Results

3.1 Material Balance

For marine diesel engines, the combined parameters of an inline six-cylinder turbocharged engine
manufactured by Hudong Heavy Machinery co., Ltd. and a dual fuel low temperature combustion
engine are used. The production of exhaust gas based on the engine output is approximately 996kW
by taking the exhaust gas composition content as the main output produced from the main engine
[28-29]. The molar flow rate at the stream of (Fs, 3), for the composition of exhaust gas, can be
determined by using Egs. (10)-(17). The exhaust gas generated from the overall mass balance of a
marine diesel engine is determined to contain Oz: 13.4%, CO3: 3.94%, NO: 0.08%, N;: 76.99%, and
H,0: 5.59%; also, CO, SO, and HC are 0.00% per wet basis, with the total of mass flow rate (Fs, 3) in
wet basis of approximately 9086.61kg/h and that in molar basis of approximately 317.39kmol/h. In
the dry basis, the exhaust gas is determined to contain O;: 14.19%, CO3: 4.17%, NO3: 0.08%, and N3:
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81.55%; also, CO, SO, and HC are 0.00%, with the total of mass flow rate (F3, 3) in dry basis of
approximately 8766.90kg/h and that in molar basis of approximately 299.64kmol/h.

The same gas composition of the exhaust gas is also generated as the only heat transfer to the
organic working fluid takes place in the evaporator. Eq. (8), Eq. (18), and Eq. (19) can be used to
determine the composition of the exhaust gas, the fuel, and the airflow rate for the base case. In this
study, the assumptions regarding the fuels might be derived from C;He as a hydrocarbon based on
the ratio of H to C being close to 3. Based on a determination of the mass balance in the main engine,
the fuel (F1, 1) was approximately 6.26kmol/h with the air stream supplied, (F2, 2) in excess was
approximately 309.62kmol/h.

3.2 Pinch Point and Pinch Point Temperature Difference (PPTD)

Eqg. (41) and Eq. (42) can be used to calculate the pinch point and PPTD in the evaporator and
condenser based on heat output from the evaporator at various biofuel mass flow rates. The pinch
point and PPTD increase with the heat absorption increase of the organic working fluids in the
evaporator from the research observation. The higher the temperature differential in the evaporator,
the lower the heat output from the exhaust gas. Higher heat transfer rates between the exhaust gas
and the organic working fluids would therefore be achieved by a suggestion to increase the outlet
temperature of exhaust gases. In the meantime, the exhaust gas outlet temperature and the turbine
work output have a major effect on the pinch temperature and PPTD for the overall system. However,
the PPTD has a positive value. This result shows that the temperature of the pinch was higher than
the evaporator’s outlet temperature. The outlet temperature of exhaust gas also increases as the
PPTD increases, which results in the exhaust heat being completely utilized in the ORC evaporator by
showing that the evaporator heat output decreases.

Meanwhile by demonstrating a higher mass flow rate of biofuels, the mass flow rate of biofuels
proportionally affects the value of the pinch temperature and PPTD; the pinch temperature and PPTD
rose dramatically. The higher the biofuel mass flow rate, the higher the PPTD obtained at the
different evaporator heat outputs. The maximum PPTD value showed the highest mass flow rate of
biofuels with the lowest exhaust gas heat output, which was approximately 89.51K. In contrast, the
lowest mass flow rate of biofuels with heat rejected from the exhaust gas, 610.82kl/s, showed the
smallest PPTD value, which was approximately 5.65K.

The value of PPTD in the condenser is negative. Therefore, in order to show the minimum
temperature difference in the condenser as positive, the assumption is made that a negative sign is
negligible since it is an interval temperature. As the outlet temperature of seawater increases, the
pinch temperature and PPTD also increase. However, in the condenser for seawater, the highest heat
available to absorb, the pinch temperature and PPTD are not affected. This outcome might be due to
more space being available for heat absorbed in the seawater entering the condenser. From this
observation, it is concluded that pinch temperature and PPTD are not sensitive parameters and have
an influence when higher heat is absorbed in the cooling water.

However, there is an opposite trend in PPTD when it is affected by the mass flow rate of seawater.
The higher the heat rejected in the condenser, the more mass flow rate is needed, and a low PPTD is
obtained. The decreasing PPTD will result in efficient heat utilization of the waste heat. In other
words, if the PPTD decreases, the evaporating temperature will increase and will result in the area
formed by the process of the ORC increasing accordingly. For a given PPTD, a mass flow rate of
seawater at a heat rejection of 158.23kJ/s shows a maximal value, while the mass flow rate of
seawater at a heat rejection of 107.88kJ/s is minimal; the difference is probably 4kg/s, which is rather
high for each biofuel.
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3.3 Power Consumption of the Pump

With the rising outlet temperature of the exhaust gas, the power consumption of the pump
remains constant for each organic working fluids and shows a trend towards peak power
consumption. Wang et al., [45] determined that higher mass flow rates and evaporating pressures
will contribute to greater power consumptions.

3.4 Prediction of Volume Cultivation from Microalgae Culture and Cooling Water

For various biofuels, such as bioethanol, biodiesel, biohydrogen, and biomethane, the ORC was
analysed at various mass flow rates using specified microalgae. For each biofuel, the mass flow rate
ranged from the minimum to the maximum mass flow rate needed for the turbine work output in
the 150 to 220kW range. The highest and lowest exhaust gas outlet temperatures of the marine diesel
engine were observed in the range of 353.15K to 388.15K with an increment of temperature
difference of approximately 5K, where the inlet temperature of exhaust gas is 573.15K with a
9086.61kg/h of mass flow rate. As seen in Figure 2, with the same exhaust gas heat input, the
biodiesel mass flow rate is significantly higher than that of the others while biohydrogen has limited
flow rate.

mass flove rate of biofuels [lkgfs]

[

350 355 360 65 370 375 380 355 350

Owtket temperature of exhaust gas K]

Fig. 2. Mass flow rate of organic Rankine against the
outlet temperature of exhaust gas

The mass flow rate of biodiesel is as high as 1.54kg/s, which is 7.7 times that of biohydrogen,
which is only 0.2kg/s. Meanwhile, bioethanol and biomethane showed similar behaviour. This
outcome is mainly determined by the heat capacity of the biofuels, where the heat capacities of
bioethanol, biodiesel, and biomethane are 2.100kJ/kg.K, 1.850kJ/kg.K and 2.232kJ/kg.K, respectively,
while biohydrogen is 14.130kJ/kg.K, which is rather higher than bioethanol and the others. Obviously,
this trend indicates that the mass flow rate of organic working fluids increases linearly with respect
to the exhaust gas’s rising outlet temperature. Meanwhile, a certain limit is continually reached by
the mass flow rate differential between each organic working fluid.
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However, this might be due to the heat available or heat input decreasing linearly and the descent
rate of heat capacity of each biofuel varying significantly. Wang et al., [45] state that the descent rate
of latent heat of different working fluids might differ greatly.

The organic working fluids in the ORC system used biofuels, such as bioethanol, biodiesel,
biohydrogen, and biomethane, from selected microalgae. To determine the amount of mass flow
rate needed for use in the ORC system, there was an analysis of time prediction for culturing for
microalgae. Table 3 shows the time estimation in days and hours of microalgae cultured from
selected species (e.g., bioethanol). There were three species for each biofuels production selected
that have been used for analysis. The selection of species was based on a high production yield per
day. For bioethanol production, Chlamydomonas fasciata Ettl 437, Dunaliella tertiolecta and
Synechococcus PCC 7002 were selected, while Dunaliella salina, Nannochloropsis oculata and
Neochloris oleoabundans were used for biodiesel production. Meanwhile, for biohydrogen
production, Tetraselmis striata Butcher, Chlorella protothecoides and Chlorella sp. were used, while
biomethane was produced from species of Dunaliella, Chlorella Vulgaris, and Chlamydomonas
reinhardtii. Based on three species of bioethanol, Synechococcus PCC 7002 showed the faster growth
for the production of ethanol compared Chlamydomonas fasciata Ettl 437 and Dunaliella tertiolecta,
which needed approximately 0.45 days or 10.85 hours for 13.56g/L. For biodiesel production,
Nannochloropsis oculata showed the faster growth of approximately 10.84 days or 260.20 hours for
1539.52g/L. Chlorella protothecoides showed the shorter times among the three species chosen for
culturing, which was approximately 0.023 days or 0.55 hours for biohydrogen production, while
biomethane production from Dunaliella sp. showed the highest growth for culturing, which was
approximately 81.20 days or 1948.86 hours, with a volume expectation of approximately 1.28mg/L.

Table 3
Times estimation of microalgae culturing for bioethanol from selected species
Mbicethanol ~ Chlamydomonas fasciata Ett| 437  Dunaliella tertiolecta Synechococcus PCC 7002
(kg/s) Volume Culture  Culture Volume Culture  Culture Volume Culture  Culture
prediction, (days) (hours) prediction, (Days) (hours)  prediction, (Days) (hours)
vV (g/L) vV (g/L) vV (g/L)
0.9247 9.25 0.64 14.40 9.25 1.03 24.66 9.25 0.31 7.40
0.9864 9.86 0.68 16.80 9.86 1.10 26.30 9.86 0.33 7.89
1.0480 10.48 0.73 16.80 10.48 1.16 27.95 10.48 0.35 8.38
1.1097 11.10 0.77 19.20 11.10 1.23 29.59 11.10 0.37 8.88
1.1713 11.71 0.81 19.20 11.71 1.30 31.23 11.71 0.39 9.37
1.2330 12.33 0.86 21.60 12.33 1.37 32.88 12.33 0.41 9.86
1.2946 12.95 0.90 21.60 12.95 1.44 34.52 12.95 0.43 10.36
1.3562 13.56 0.94 21.60 13.56 1.51 36.17 13.56 0.45 10.85

This heat was rejected from the organic working fluid in the condenser with the same heat output
from organic working fluids and then transformed to the liquid phase where seawater was used in
the condenser as cooling water. However, to estimate the mass flow rate of seawater, the heat
output from organic working fluids (biofuels) was used as an indicator parameter for the
determination. Therefore, by taking the actual seawater mass flow rate as twice the measured mass
flow rate, an assumption was made from seawater used in the condenser to determine the actual
mass flow rate of seawater. It was to ensure that the liquid phase from the superheated vapour is
completely converted. The equation of the actual mass flow rate of seawater as given in Eq. (47):

mcw,actual = ZmCW,estimate (47)
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3.5 Heat Integration of ORC System

The proposed model for heat integration of the marine diesel engine and ORC system is applied
in this study. In the modelled approach, the system is designed from the perspective of efficient
energy utilization through pinch technology. The exhaust gas enters the superheater at T3, where the
organic working fluids are superheated to a high temperature, Ts. The exhaust gas then enters the
evaporator at Tza, where a mixture of organic working fluids exists in mixed phases (saturated liquid-
vapor mixture). The exhaust gas leaves the evaporator at T3,, where Tsp is also known as the pinch
point temperature, Tpinch. The pinch point temperature difference (PPTD) is the temperature
difference between Tsp and the saturated temperature, Tsat. The exhaust gas then enters the
preheater at Tsp, where the organic working fluids are preheated. The exhaust gas then is discharged
to the environment at T4 with a lower heat loss. However, assumptions were made in the integration
analysis, namely, the organic working fluid is in a steady state, a pressure drop on the exhaust gas
side does not affect its temperature, with no pressure drops on the organic working fluids side, and
the expansion process in the turbine is an isentropic process. It was necessary to shift the
temperature where the crossing pinch point between a hot stream and cold stream occurred to make
heat transfer in each column successful. The results show that, for temperatures in the range of
353.15K to 363.15K, each biofuel needs to be shifted in temperature in the T-H diagram at the
superheater, evaporator, and preheater column after the heat integration. In contrast, for the
temperature range of 368.15K to 388.15K, biofuel was not shifted in temperature since they were
not in a crossing pinch point in the T-H diagram.

Meanwhile, negative values were determined in the column of the superheater and evaporator
for heat available value after the heat integration between a hot stream and cold stream. This
negative value was referred to as the heat deficit. However, this deficit value will be balanced when
receiving heat in another column; therefore, this will re-balance the heat required in the three
columns. As a result, the recovery of exhaust waste heat from the marine diesel engine via the ORC
system has been successfully achieved by using this method. Table 4 presents the results for heat
recovery and heat losses before and after heat integration at an outlet temperature different from
the exhaust gas (e.g., bioethanol). The results show that, after integration, the heat loss was reduced
significantly compared to before integration; over 95% of waste heat in the marine diesel engine was
recovered after heat integration took place in the power cycle.

Table 4

Total heat recovery and heat losses of bioethanol before and after heat integration
Outlet Inlet temperature Whurb,out (kW) Whet  Mbiodie  Total energy saving  Total heat loss in
temperat  of biodiesel, Te (K) (kW) sel in cold stream (%) exhaust gas (%)
ure of Before After Before After (kg/s) Before After Before After
exhaust integrati  integrati integrati integrati integrati  integrati integrati integrat
gas, T4 (K) on on on on on on on ion
353.15 452.20 573.15 150 343 340 1.05 47.59 98.75 52.41 1.25
358.15 452.20 567.06 160 355 353 1.12 51.94 97.40 48.06 2.60
363.15 452.20 530.08 170 311 308 1.19 56.50 96.51 43.50 3.49
368.15 452.20 497.20 180 266 263 1.26 61.29 96.13 38.71 3.87
373.15 452.20 467.79 190 221 218 1.33 66.31 96.28 33.69 3.72
378.15 452.20 441.32 200 177 174 1.40 71.59 97.02 28.41 2.98
383.15 452.20 417.36 210 132 129 1.47 77.15 98.38 22.85 1.62
388.15 452.20 395.59 220 88 84 1.54 83.01 100.42 16.99 -0.42
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To ensure that the best heat recovery is used in this work with a minimum waste heat loss, a
comparison from previous work should be done. Table 5 shows a comparison of heat recovery based
on different engine power output with previous work. Based on previous works, marine applications
with a power output of 118-258kW can recovery of waste heat loss around 67-82%. Meanwhile,
comparing it with this work of power output in range 150-220kW, the highest of heat recovery from
the marine engine was around 95-98%. It is expected that working fluid-based biofuels from
microalgae via the ORC system have a significant influence in reducing exhaust waste heat from
marine diesel engines and recovery it to the system becomes a useful work.

Table 5

Comparison on waste heat recovery of the ORC system based on different engine power output
Parameters This study [46]

Working fluid bioethanol R245fa

Power output (kW) 150 160 170 180 190 200 210 258 236 212 176 118

Waste heat recovery (%) 98 97 95 96 96 97 98 82 81 78 74 67

In this analysis, the condensation temperature of ORC in the condenser column was designed
above 300K to reject heat into the surroundings, where a reasonable value of 303K was given. The
ambient temperature was assumed as the dead state temperature and kept constant at 298.15K [45].
The evaporating temperature was taken in ranges from the condensing temperature to the heat
source temperature. However, the outlet temperature of the heat source is just above the
evaporating temperature for heat transfer to occur. All the calculations were developed, and
simulations were run using MATLAB. The work output of the turbine before integration initial in the
range of 150 to 220kW at different conditions. However, after integration, the turbine's working
output increased twice as much as before integration, if the biofuel mass flow rate remained
unchanged. It is also suggested that this parameter does not affect the condenser heat rejection and
the seawater mass flow rate, even though the flow rate is still unchanged at the turbine work output,
the mass flow rate of the biofuels and the specified heat source of the exhaust gas after integration.

3.6 Thermal Efficiency

Figure 3 demonstrates the thermal efficiency of ORC system for each biofuel, namely, bioethanol,
biodiesel, biohydrogen and biomethane, before and after heat integration. This figure has shown the
thermal efficiency of ORC system in marine diesel engine via biofuel from algae shows the
performance at approximately 51% with a net power output of approximately 160kW obtained for
each biofuel before integration. After integration, the thermal efficiency improved to 61% with a net
power output of approximately 353kW. At this stage, biodiesel presents the highest mass flow rate
1.12kg-s* compared to others.
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Fig. 3. Variations of thermal efficiency for different biofuel against the outlet temperature of exhaust gas in
the ORC system before and after heat integration (a) bioethanol (b) biodiesel (c) biohydrogen (d)
biomethane

As the outlet temperature of the exhaust gas increases after integration, the pattern of the figure
showing the thermal efficiency for each biofuel increases. In contrast, before integration, thermal
efficiency was constant. The trend in thermal efficiency decreased dramatically, however as the
outlet temperature of the exhaust gas rose. The decreasing of thermal efficiency was due to the
decreasing evaporating temperature. Wang et al., [45] state that the cycle's heat source and heat
sink are limited; with an increasing evaporating temperature, a lower heat source temperature will
change, resulting in higher thermal efficiency and vice versa. A graph was separately developed for
each organic working fluid at this operating exhaust gas temperature to show the trend for each
biofuel. In other words, if the higher thermal efficiency is produced, it does not always mean more
net power output because it depends on the heat available, where it is always descending [42].

4. Conclusions
The main objective of this research was to study the improvement waste heat recovery and the

efficiency of organic Rankine cycle analysis with biofuel from algae for exhaust gas from a marine
diesel engine was achieved. This paper expresses the process of the ORC system using different type
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of biofuels, namely, bioethanol, biodiesel, biomethane and biohydrogen, from selected microalgae
based on the design parameters for each unit. It also shows that the most critical parameters
affecting the thermal efficiency of the ORC system are the temperature and the mass flow rate of the
exhaust gas. The results obtained are very promising since as working fluid, the biofuel from
microalgae has a high potential increase the thermal performance of the ORC system in the marine
diesel engine.

Finally, this study predicts the following using microalgae biofuel as a working fluid in the ORC
system; first, the ORC system’s highest and lowest percentage thermal efficiencies after integration
are 61%, and 16% at work of turbine (Wuwrb) are 160kW and 220kW, respectively, compared to the
before integration value of approximately 51% at work of turbine (Wtur) of 150 to 220kW obtained
for each of biofuel. Other studies have found that the ORC system’s thermal efficiencies are about
21.0% for toluene, 21.3% for benzene, 21.2% for cyclohexane [28], and 12.7% for R123 [44]. Secondly,
after integration, the ORC system’s maximum and lowest net power outputs are 353kW and 84kW,
respectively, compared to the values before integration of approximately 216kW and 148kW,
respectively, for each biofuel. In addition, other studies have shown that the ORC system’s net power
output was approximately 89.2kW for toluene, 90.8kW for benzene, 90.1kW for cyclohexane [28],
and 529kW for R123 [44], respectively. Next, the highest of heat recovery was compared to that
before integration, up to almost 95% recovery. Finally, the highest of pump consumptions for each
biofuel was approximately 3.56kW.
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