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Waste heat recovery

In waste heat recovery from a heavy-duty diesel engine, with a focus on engine speed's impact, is
explored. The critical problem of enhancing energy efficiency and reducing emissions through
waste heat utilization is addressed. Waste heat in internal combustion engines, vital for
sustainable energy use and environmental preservation, is investigated. Experimental analysis
and thermodynamic modeling introduce Organic Rankine Cycle (ORC), Steam Rankine Cycle
(SRC), and Combined Steam and Organic Rankine Cycle (CSO) for waste heat recovery. A non-
linear relationship between engine speed and waste heat is identified. Waste heat increases up
to 1600 rpm and decreases thereafter. The CSO cycle outperforms ORC and SRC cycles, achieving
43.4% higher efficiency. Fuel energy savings demonstrate CSO's superior economy, along with
excellence in Annual Carbon Dioxide Emissions Reduction (ACO2ER). Waste heat recovery
knowledge is advanced by introducing the efficient CSO cycle, contributing significantly to

existing research.
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INTRODUCTION

Due to the increase in population and the development of
industries, the rate of fossil fuels consumptions has
significantly inceased. In this regard, various heat
recovery cycles are used for the best utilization of fossil
fuel sources (such as CHP, CCHP, ORC, SRC and CSR).
Depending on the prime mover, different recovery cycles,
such as thermoelectric, phase change materials, and ORC,
can be selected. If the application requires power
generation, heat recovery cycles that can generate power
are appropriate, and these cycles mainly include ORC,
SRC, and CSR by energy and exergy analysis (1).
Extensive studies have been presented for using waste
heat of various types of prime movers. The following
studies can be mentioned.

In 1981, Brands et al. (2) investigated the waste heat
recovery of a 14.5-liter six-cylinder NTC-400 type diesel
engine with a power of 298 kW, they showed that the
waste heat recovery of a diesel engine using the Rankine
cycle can increase engine power by 12.5% (at 2100 rpm).
In 1983, DiBella et al. (3) showed that using the ORC
cycle to recover the waste heat of the engine with TFL
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fuel with a power of 288 hp could lead to a better engine
performance in road tests also, using the ORC cycle
increased the efficiency by 12.5% in the road test. In
2007, Endo et al. (4) investigated maximizing exergy
efficiency in car engines; design changes, including the
cylinder head and cooling passages, were made to the
base 2-liter Honda Stream Sl engine to maximize exhaust
energy recovery and lead to improving thermal efficiency
by 13.2%.

In 2011, He et al. (5 investigated an ORC
thermodynamic cycle for engine waste heat recovery.
They showed that exhaust gas, cooling, and lubricating
water could be a suitable source of heat supply for the heat
recovery cycle. Moreover, they proposed an ORC and
SRC thermodynamic cycle for engine waste heat
recovery. Shu et al. (6) in 2013 simulated an ORC cycle
to recover the waste heat of a diesel engine. By
experimentally measuring the recoverable heat of the
engine and investigating the effect of using the recovery
cycle on performance, they showed that the ORC cycle
could produce 18.8 kW or 9.6% power for the engine. In
2014 Jalili et al. (7) introduced the application of
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nanotechnology in air conditioning systems to improve
efficiency. The experimental study involves using water-
nanoparticle mixtures, particularly carbon nanotubes
(CNTs), in a refrigeration cycle. Results show that
increasing CNT concentration leads to significant
temperature gradients, highlighting the potential of
nanoparticles for enhancing heat transfer in refrigeration
systems.

Also, Shu et al. (8) in 2016 conducted a
thermodynamic evaluation of an ORC system for diesel
engine waste heat recovery; the results showed that the
highest energy and exergy efficiencies are 11.3% and
38.7%, respectively. The highest efficiency improvement
compared to the base engine ws 16%. In 2019, Lion et al.
(9) applied the thermodynamic analysis of waste heat
recovery using the ORC in a marine diesel engine. The
results showed that the ORC cycle implementation for
waste heat recovery could reduce engine fuel
consumption by 5%. In 2020, Mohammad et al. (10)
investigated the use of waste heat in the ORC cycle and
its effect on engine and cycle performance. They stated
that the marine diesel engine is widely used in
commercial ships as a propulsion system. The use of
waste heat of the engines is crucial by considering the
current conditions; the results showed that the heat
recovery cycle could reduce fuel consumption by 18%.

In 2021, Bodaghi et al. (11) studied the waste heat
recovery of a heavy diesel engine; the results showed that
the operating conditions of the engine (engine speed) are
essential for the performance and in the best operating
conditions of the engine system, it has a thermal
efficiency of 9.5% and an exergy efficiency of 43% and
also the maximum exergy destruction rate of 500 kW was
obtained. In 2021, Neto et al. (12) investigated the heat
recovery cycle's effect on engine performance and
showed that the average increase in exergy performance
is 9.35%. It was also stated that using the recovery cycle
leads to a reduction in fuel consumption and pollutants.
In 2022, Ping et al. (13) investigated the effect of using
the ORC waste heat recovery system for the engine from
the energy and economic point of view. The results
showed that the ORC system is used to recover the waste
heat of the internal combustion engine. The change in the
engine's operating conditions has effect on the recovery
cycle performance. The performance of the ORC system
is improved by changing the engine's operating
conditions from 9.25 to 17.72%. In 2022, Luo et al. (14)
conducted a comparative study between different cycle
arrangements for recovering waste heat from ships' diesel
engines. They showed that the ORC system for waste heat
recovery can increase power up to 49.83 kilowatts.

Using the waste heat of internal combustion engines
(especially HD diesel engines) is one of the best ways to
increase the efficiency of this type of prime mover. In this
regard, the review of previous studies showed (to the
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authors' best knowledge) that a thermodynamic research
should be applied for each specific engine separately to
determine the proper selection of the heat recovery cycle.
in this regard, in this research, the MTU 4000 R43L HD
diesel engine heat recovery potential was evaluated by
experimental measurements technique and the help of
thermodynamic equations. The thermodynamic modeling
was applied to model an ORC, SRC, and CSO by
considering critical technical constraints related to back
pressure and dew point for waste heat recovery. In order

to further investigate the effect of engine speed (as a

crucial parameter) on the waste heat has been studied, the

waste heat for three sources of the intercooler, water heat
exchanger, and exhaust gas heat has supplied three ORC,

SRC, and CSO cycles for waste heat recovery. Engine

waste heat was modeled from the energy and exergy point

of view. Also, to achieve an accurate comparison from an
economic perspective, the new system with waste heat
recovery was compared with conventional power
generation systems, so the fuel energy saving ratio

(FESR) was also investigated, The advantages of this

study is as follows:

1. Comprehensive evaluation: 4E analysis covers
economic, environmental, energy, and exergy aspects,
providing a well-rounded assessment of waste heat
recovery systems.

2. Practical relevance: Focusing on heavy-duty diesel
engines makes research directly applicable to
industries where these engines are prevalent.

3. Economic viability: Demonstrating the cost-
effectiveness of the Combined Steam and Organic
Rankine Cycle (CSO) compared to other cycles
attracts industry stakeholders.

4. Environmental impact: study's environmental analysis
highlights the CSO cycle's potential to reduce carbon
dioxide emissions, aligning with sustainability goals.

5. Exergy efficiency: The inclusion of exergy analysis
helps identify sources of inefficiency, showcasing the
CSO cycle's ability to capture and utilize waste heat
effectively.

6. Contributing to Research: Introducing the CSO cycle
advances waste heat recovery knowledge and benefits
researchers and practitioners in the field.

MATERIALS AND METHODS

Prime mover (HD diesel engine)

The MTU 4000 R43L engine is a 16-cylinder internal
combustion HD diesel engine wused in transport
applications. Due to the increase in the temperature of the
air coming out of the turbocharger, an intercooler is used
to cool the air entering the cylinders. The detailed
specifications of this engine are presented in Table 1.
Also, Figure 1 shows the schematic arrangement of the
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cylinders and the air path in the engine block.

A common rail system injects fuel directly into the
combustion chamber in this engine. Table 2 shows the
specifications of the direct and port fuel injection system.
Also, diesel fuel specifications are presented in Table 3.

The performance of the MTU4000 R43L engine was
studied in an experimental test. Figure 2 shows the
schematic diagram of the engine and other equipment
needed in the experimental test room.

According to the objectives of the present study,
experimental tests have been performed. To apply the
defined load, the HORIBA hydraulic dynamometer
model DT3600-2 is used (Table 4). Also, the pressure
inside the cylinder is measured with the help of a
KISTLER 6613CA piezoelectric pressure sensor and a
KISTLER 5018 amplifier.

According to the purpose and sensitivity of the
problem, the temperature data of the engine and the
cooling system are needed to check the feasibility of heat

Table 1. MTU 4000 R43L HD diesel engine characteristics

Parameters Value
Number of cylinders 16V
Power UIC 2400 kW
Engine rated speed 1800 RPM
Configuration 90°V

Bore/stroke 170/210 mm (6.7/8.3 in)
4.771(291 cuin)
76.3 1 (4656 cu in)

18

DIN EN 590

Cylinder displacement volume
Total displacement volume
Compression ratio

Fuel properties

Intake valve closing (CAD aBDC) 5
Exhaust valve opening (CAD bBDC) 50

Turbine

Al

Compressor Turbine Compressor

Air

W)

Diesel engine

oo?%oooov

u$ooo?ooc

Figure 1. Schematic diagram of MTU 4000 R43L

222

Table 2. Specifications of direct fuel injection and port fuel
injection system (15)

Items Common-rail injection system
Number of holes 8

Hole diameter (mm) 35

Spray angle 6

Injection pressure (bar) 1600

Table 3. Diesel fuel specifications

Items Diesel
Chemical formula C12-C25
Cetane number 52.1
Octane number -
Density (gr/mL) 0.845
Low Heating Value (Mj/kg) 42.8
Latent heat of vaporization (kJ/kg) 301
Viscosity (Mpa.s) 3.995

:' w - I Fuel tank

)
’ L]

Speed
tachometer

Oscilloscope

Sl

) o~
Piezo electric L -
Pressure Transducer ‘;,

i 1
Charge Amplifier

Figure 2. Schematic diagram of engine test facilities

Table 4. Specifications of HORIBA DT3600-2 hydraulic
dynamometer

Item Unit Specification
Pnom kw 3600
Maximal Speed nmax 1/min 3000
Rated Torque Mnom Nm 30000
max. Share of Coupling Mass at

nmax /Distance from the coupling kg 280/114
flange

@ Rotor kgm? 18.4
Torsion-spring constant up to middle 106 11.9
of the dynamometer Nm/rad '
Weight kg 3200
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Table 5. Laboratory measuring instruments

Table 7. Recommended return pressure (16)

Measuring instruments Type

RHEONIK model RHMO06

Fuel flow meter
PTX510- DRUCK
PT100

Back pressure sensor
Temperature sensor

Fuel Pressure sensor IFM P128xx

recovery. Also, to check the limits of reducing the exhaust
temperature in order to recover the heat, the data of the
back pressure of the exhaust system should be carefully
checked. For this purpose, a set of laboratory measuring
instruments was used, which is introduced in Table 5.

Calculation of the thermal capacity of the target engine
based on the experimental results

Temperature limits for exhaust gas include dew point
temperature and back pressure limits. If the exhaust gas
temperature is lower than the dew point temperature, the
water droplets formed in the exhaust path will cause
corrosion of the conductor. If the exhaust back pressure
value exceeds the standard limit, the engine performance
will be weakened.

Dew point temperature limit
To evaluate the exhaust gas temperature reduction
variations based on the dew point, the values of the
exhaust gas pressure at the exhaust outlet are used as the
standard pressure to determine the dew point.

Dew point temperature constraint is more critical in
low exhaust gas pressures where the back pressure issue
is unimportant.

Exhaust gas back pressure limit

Exhaust gas is one of the main sources of heat loss. So,
pressure is the most critical limitation that affects heat
extraction from the exhaust gas. An excessive increase in
return gas pressure causes an increase in fuel
consumption and decreases the engine's thermal
efficiency. Equation 1 is used to calculate back pressure.

Table 6. Calculation of dew point temperature in different
engine revolutions per minute

Engine speed Outlet gas pressure at the Dew point
(rpm) turbocharger (kPa) (°C)
600 100.041 28.97
800 100.163 28.99
1180 100.604 29.06
1500 101.547 29.23
1600 102.186 29.33
1800 102.949 29.46
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Engine Size Back pressure constraint
Power up to 50 kW 40 kPa
Power between 50 to 500 kW 20 kPa
Power more than 500 kW 10 kPa

P=(LxpXxQ?x3.6x10°)/d° [1]

P= Back pressure, kPa

L= Length of pipe in motor, m

p= Density of gas, kg/m®

d= Diameter of pipe, m

Based on the study of Mayer (16), the back pressure limit
based on engine power is presented in Table 5.

In the following, the back pressure values in different
rpm are calculated based on the output pressure from the
turbocharger. Based on this, the permissible temperature
of the exhaust gas coming out of the turbocharger is
presented in Table 6. In the cycles where the back
pressure has not entered the illegal limit, the dew point
temperature is considered the minimum permissible
temperature of the exhaust gas.

To ensure that the exhaust back pressure is correct, the
results obtained from the calculation code related to the
exhaust back pressure are compared with the laboratory
values, and the validation result is shown in Figure 3.

The thermal capacity of different parts of the engine
according to the experimental test process in various
operational modes is presented in Table 9.

Heat recovery cycle

According to previous section's investigations, three
waste heat recovery cycles SRC, ORC and CSR were
presented to recover the waste heat of the MTU 4000
R43L engine and were subjected to thermodynamic

Table 8. Permissible temperature of the exhaust gas exiting the
converter based on back pressure

Gas pressure

The minimum permissible

Engine speed at the temperature of the

(rpm) turbocharger exhaust gas leaving the
outlet (kPa) heat exchanger (°C)

600 100.041 29.01

800 100.163 29.12

1180 100.604 29.71

1500 101.547 74

1600 102.186 150

1800 102.949 192
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Steam Rankine Cycle (SRC)
In the steam Rankine cycle (Figure 4), first, the working
fluid in the evaporator receives the waste heat caused by
the cooling water and the exhaust gas in two separate
converters. Then it enters the turbine and performs work,
then it is cooled in a process in the condenser and The
initial temperature returns, and finally, the fluid is
pumped to the evaporator. Assumptions have been
considered in the design of the steam Rankine cycle,
which will be discussed further.

Assumptions:

— The pressure of the working fluid when passing through
the evaporator and condenser is constant and equal to
1000 and 10 kPa, respectively.

— The temperature of the working fluid while passing
through the pump is constant and equal to 40 °C.

— The flow rate of the working fluid is calculated
according to the heat loss specific to each cycle.

— Thermodynamic efficiency of the turbine and pump is
assumed to be 85%.

Table 9. Different parts of the engine in different performance
conditions in the factory test

(Plf\v/\\;()ar ?f;;?g Exg:sust \\Ilvvg[tirr Intercooler \;rvg;?é

cooler heat
35 600 49 104 15 155
537 800 119 210 15 331
1200 1180 365 415 2.0 782
1900 1500 593 529 13 1123
2250 1600 708 845 32 1556
2540 1800 553 950 4.0 1506
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Exhaust gas Cooling water
waste heat waste heat
Q
Evaporator —1
Pump SRC
Condenser “—‘

Figure 4. Schematic diagram of steam Rankine cycle

The heat of the engine cooling system is used to preheat
the working fluid, and the exhaust gas waste heat is used
to bring the fluid to the condition of superheated steam.

Organic Rankine Cycle (ORC)

The organic Rankine cycle works like the steam Rankine

cycle. With the difference that the operating fluid in this

cycle is an organic fluid. Other differences are in the
assumptions section. The working fluid in this cycle is

R134fa. The relations governing this cycle are the same

as the Rankine steam cycle.

Assumptions:

— The temperature of the working fluid at the beginning
and end of the evaporator is assumed to be constant and
equal to 25°C and 80°C.

— The temperature of the working fluid when passing
through the pump (compressor) is constant and equal to
25°C.

— The flow rate of the working fluid is calculated
according to the heat loss specific to each cycle.

— Thermodynamic efficiency of the turbine and pump is
assumed to be 85%.

— Condenser and turbine are assumed to have constant
entropy.

The schematic diagram ORC cycle is shown in Figure 5.

Combined organic and steam Rankine cycle (CSO)
In the combined cycle (Figure 6), the exhaust gas heat is
used for the SRC, and the engine cooling system’s heat is
used to preheat the ORC. In the combined cycle, two
separate circuits will operate from each other. Due to the
difference in the nature of the two working fluids, two
different turbines, pumps, and condensers are required in
the combined cycle. The relationships governing this
cycle are the same as the previous two cycles.

Assumptions of the organic Rankine cycle in the

combined cycle:

— The temperature of the working fluid at the exit from
the condenser and when passing through the
compressor (pump) is assumed to be constant and equal
to 25°C.
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Exhaust gas Cooling water
waste heat waste heat
Q
Evaporator ——l
Pump ORC
Condenser “—‘

Figure 5. Schematic diagram ORC cycle

— The working fluid pressure is assumed to be constant
while passing through the evaporator and condenser.

— Thermodynamic efficiency of turbine and compressor
is assumed to be 85%.

Assumptions of steam Rankine cycle in combined cycle:

— The temperature of the working fluid at the exit from
the condenser and when passing through the pump is
assumed to be constant and equal to 40°C.

— The working fluid pressure is assumed to be constant
while passing through the evaporator and condenser.

— Thermodynamic efficiency of the turbine and pump is
assumed to be 85%.

It should be noted that the work of the combined cycle is

obtained from the sum of the work in the organic Rankine

and steam Rankine cycles.

Thermodynamic modeling

Law of conservation of mass and energy

In the steady state for a specific control volume, the
energy and mass equations are as follows:

Zme—zm =0
Q+Zmihi=W+Zmehe 3]

where h is the specific enthalpy, fuel energy is calculated
using Equation 3 (15, 17).

quel = mfuelLHV

[2]

(4]

In Equation 4, the LHV is the fuel's low heating value.
system's efficiency from the energy viewpoint of the
system is calculated according to Equation 5.

total energy output

N = [5]

total energy input

Exergy analysis
Exergy equations for a control volume are as follows (18):

Exq + Z mex; = Ex,, + Z meex, + Exp [6]
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Figure 6. Combined cycle schematic
Ex = mex [7]

where ex and Ex, are specific exergy and exergy
destruction rate, respectively. In Equations 6 and 7, ExQ
and Ex,, are the exergy related to the heat transferred and
the work done between the control volume and the
environment (18).

Exg _Q<1—ﬁ)

§ 18

Ex, =W [9]

In Equation 8, T, represents the ambient temperature.
Specific physical exergy in a certain state is defined as
follows (19):

€Xpn = (h = ho) — To(s — so) [10]

Index 0 shows the value of a variable in environmental
conditions. Also, the amount of chemical exergy for an
ideal gas mlxture is expressed by Equation 11 (19, 20).

Z Xiexcp, +RTOZ X;Ln (X;)

Fuel energy saving ratio

The FESR has been discussed in this section. For
calculating this parameter, it needs to be compared
recovered system to a conventional energy supply system.
Fuel Saving (FS) can be defind, stated as follows (18):

WEng + Wiwnr [12]

€Xch.mix = [11]

FS =

- FConv
Mcon

There is an expression for calculating FESR, this term
means if the consumer uses a recovered system in
comparison with conventional energy systems, how much
energy saving can be achieved, so this parameter can be
written as follows (18):

FESR = [13]

WEng+WwHR

Ncon
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Environmental modeling

Some of the advantageous parameters for environmental
evaluations in the waste heat recovery are introduced by
annual reduction in CO; emissions and reducing tax costs.
To calculate the Annual CO; Emission Reduction
(ACO2ER) for the proposed system, first, CO, emission
rates of the proposed system has been calculated as
follows (21, 22):

mcoso™ = ucoy - P, [14]
. Weng + Wi [15]
mCOZHbeLd — [1605‘ [ Eng WHR]
nCOTl
ACO,ER = (MCOE™ = mCo>) [16]
z 106
ACO,TR = (mCOS°™ — mCO”"™ ) - ycos [17]

where ycp, is CO. tax rate, and
0.00003 $ g1 (23).

is equal with

Uncertainity analysis
The dynamometer which has been used in this study is
hydrolic dynamometer with the error of 0.4%. The
dynamometer intervals were 1 N.m and the uncertainity
anlaysis is as follows:

a

Up = ﬁ [18]
"o = JZ [19]
U=Ku, [20]

Uc is the mean uncertainty, and U is the combined
uncertainty with the overlap coefficient K. If K is
considered equal to 2, then the assuredness level of the
results can be increased to 95%. Therefore the
uncertainity is 1.2 N.m. Other instrument uncertainity
analysis is shown in Table 10.

RESULTS AND DISCUSSION
Recoverable heat of the primary drive

Figure 7 shows the graphical representation portrays the
influence of engine speed on output power. It is readily

Table 10. Uncertainity and error results

Measuring instrument Error Interval  Uncertainity
Fuel flow meter +0.1% 0.01 (lit) 0.011 (lit)
Back pressure sensor +0.2% 0.1 (bar) 0.11 (bar)
Temperature sensor +0.05°C 01K 0.11 (K)
Fuel pressure sensor +5% 0.1 (bar) 0.11 (bar)
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discernible from this graphical depiction that elevating
the engine speed results in a concomitant augmentation of
power output. Within the range under investigation, this
escalation in power exhibits a conspicuously robust and
upward trajectory, underscoring the pronounced
influence of engine speed on power generation.

Within the context of internal combustion engines, it
is imperative to recognize that the energy input into the
engine is not solely converted into useful work; a
substantial portion is also transformed into heat. To
effectively manage this thermal energy and prevent
overheating, a suite of heat exchange mechanisms is
employed. These heat sources encompass an intercooler,
a water-cooling system, and the heat generated by exhaust
gases during engine operation.

In the accompanying figure, a comprehensive analysis
of the impact of engine speed on heat generation within
each section is depicted. It is noteworthy that the
recoverable heat in the intercooler is found to be relatively
insignificant when compared to the substantial heat
potential inherent in the water-cooling system and the
exhaust gases emanating from the engine. This
observation underscores the vital role played by the
water-cooling system and exhaust heat recovery
mechanisms in harnessing and utilizing thermal energy
efficiently.

Furthermore, an intriguing aspect emerges when
considering the behavior of the intercooler temperature
with respect to engine speed. At lower engine speeds,
characterized by revolutions per minute (rpm) up to 1500,
the intercooler temperature remains fairly stable,
experiencing minimal fluctuations. However, as engine
speed surpasses the 1500 rpm threshold, a pronounced
and noteworthy rise in intercooler temperature becomes
evident. This temperature pattern has significant
implications for the management of engine cooling and
highlights the need for tailored strategies to mitigate the
increase in heat.

Turning our attention to the exhaust gases, it is
discernible that the maximum available heat from this
source is achieved at an engine speed of 1600 rpm.
Beyond this particular engine speed threshold, there is a
discernible decrease in the heat generated by the exhaust
gases. This insight is crucial when considering the
optimization of heat recovery systems or the utilization of
exhaust gas energy for other applications.

Conversely, the heat available within the water heat
exchanger section exhibits a contrasting trend. It
showcases a relatively linear relationship with engine
speed. Remarkably, this heat source consistently
amplifies as engine speed increases, offering an attractive
opportunity for efficient harnessing and utilization.

In summary, the graphical representation provided
offers a comprehensive view of the intricate relationship
between engine speed, power output, and the distribution
of heat within various engine components. These
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observations are indispensable for enhancing our
comprehension of engine performance characteristics,
guiding the development of effective cooling and heat
recovery strategies, and facilitating informed decision-
making in the design and operation of internal
combustion engines.

In order to achieve a comprehensive analysis of the
effect of the engine speed on the total heat produced by
the engine at different speeds, increasing the engine speed
up to 1600 rpm leads to an increase in the available heat
for recovery by cycles. It is recovered, but after passing
this speed, the available heat decreases; the critical point
is that in the lowest test cycle (600 rpm) the heat that can
be recovered is 153.4 kW, which is a significant amount.
Also, the system in the best condition (1600 rpm) has
recoverable heat equal to 1600 kW, which is crucial and
should be recovered. Figure 8 shows the effect of engine
speed on total waste heat.

Comparison of ORC and SRC cycles

To recover the produced heat in the diesel engine, two
scenarios have been predicted. in the first scenario, an
ORC cycle has been proposed to generate power from the

3000
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Figure 7. Effect of engine speed on (a) power, and (b) waste
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Figure 8. Effect of engine speed on total waste heat

engine's waste heat, and in the second scenario, an SRC
cycle has been proposed to recover the waste heat; If the
waste heat of the engine enters each of these cycles and
the power is produced, the results ar illustrated in Figure
9. It is clear from this diagram, in all engine revolutions
per minute, the power produced by the ORC cycle is more
than SRC, but with this difference that at low revolutions
per minute, the performance of ORC and SRC system is
very close to each other, but as the revolutions per minute
increase and reach 1180 revolutions per minute, the
difference between the performance of ORC cycle and
SRC cycle increases and It can be said that using the ORC
system for high engine speed is very vital. The system
with the ORC cycle produces 3.6% more power in the
best state. Also the performance of both cycles was
studied, the results showed that the system has lower
efficiency in low revolutions per minute compared to high
engine speed; On the other hand, for all revolutions per
minute, the ORC cycle has more efficiency than the SRC
cycle, and the efficiency results show that up to 1180 rpm,
both cycles experience an increase in efficiency with the
rise of the engine speed. However, the engine speed does
not significantly increase the converter's efficiency after
passing this point. Also, the efficiency of the ORC cycle
is 10.5% better than the SRC cycle in the worst condition,
and the performance of the ORC cycle is 6.6% better than
the SRC cycle in the highest point.

In the Figure 10, the effect of increasing the engine
speed on the exergy destruction of two ORC and SRC
cycles is shown. As it is clear from the diagram, for both
cycles, the exergy destruction rises by increasing the
engine speed up to 1600 rpm. But after passing the
optimal point, the exergy destruction decreases slightly
for both cycles. From the exergy point of view, the
important point is 1600 rpm. The SRC cycle has much
higher exergy destruction than the ORC cycle, so the
exergy destruction of the ORC cycle is, on average, 9.8%
of the SRC cycle, which shows that the ORC cycle has
much less exergy destruction. The cause of this behavior
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Figure 9. Effect of engine speed on (a) SRC and ORC
turbine power, and (b) cycle efficiency

can be checked in the rate of entropy generation by both
cycles; as it is clear from Figure 10, the entropy
generation increases with the rise in the engine speed (due
to the increase in the heat transfer rate). as well as the
entropy generation in the cycle, ORC is far less than the
SRC cycle, so the exergy destruction rate of the ORC is
lower than the SRC.

The following figure shows the effect of engine speed
on exergy efficiency for the engine, ORC, and SRC
cycles; The recovery cycles have led to an increase in the
exergy efficiency of the engine for all operational
revolutions per minute also the results show that the
exergy efficiency increases with the rise of the engine
speed. Exergy efficiency decreases after passing the
engine speed range of 1500 to 1600 rpm. On the other
hand, the results show that on average (for all rpms), the
presence of ORC and SRC recovery cycles can lead to an
increase in exergy efficiency by 8.85% and 8.25%

(respectively). Also, the most significant increase in
exergy efficiency due to heat recovery occurs at the
lowest speed, at 600 rpm; the exergy efficiency can
increase by 46.05% and 17.42% for the ORC and SRC,
respectively, by adding the waste heat recovery cycle.
This is also shown in Figure 11, and as it is clear from this
diagram, the existence of the recovery cycle at low engine
speed strongly affects the exergy efficiency. After passing
through the low-speed area, the exergy efficiency
increases due to the existence of the recovery cycle 7% in
the best condition.

CSO cycle

Figure 12 shows the effect of engine speed on the output
power and efficiency of the CSO cycle. As it is clear from
the graph, with the increase in engine speed, the output
power from CSO rises, and after passing 1600 rpm, the
power produced by the CSO cycle decreases from the
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engine's waste heat. On the other hand, the engine
increases up to the range of 1500 rpm and drops after
passing this point because the increase in the engine speed
leads to a rise in the power up to a certain value, and after
passing 1600 rpm, the rate of input energy to the cycle
(from work produced by the recovery cycle) is increased
compared to the output power, and as a result, the
efficiency decreases. On the other hand, the important
point is 1500 rpm, which can be introduced as the best
performance point by considering energy efficiency.
However, in terms of the power generation of the system,
1600 rpm produces more power, considering both power
and efficiency perspectives, the range of 1500 to 1600
rpm can be introduced as the optimal performance range.
In order to better study the power produced by the CSO
cycle, the exergy destruction value of the cycle and the
entropy generation should be investigated (Figure 13); In
this regard, the following diagram shows the effect of
engine speed on exergy destruction and entropy
generation, increasing the engine speed up to 1600 rpm
increases the rate of exergy destruction and entropy
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generation. However, after passing this speed, the rate of
both parameters decreases.

Figures 14-a and 14-b show the effect of engine speed
on engine exergy efficiency, CSO cycle, and also the
amount of exergy improvement due to the use of CSO
waste heat recovery system. The results of
thermodynamic modeling show that for the CSO cycle,
increasing the engine speed up to 1180 rpm leads to an
increase in exergy efficiency, and from 1180 to 1500 rpm,
the exergy efficiency remains relatively constant
((changes below) 1% efficiency). After passing 1500
rpm, the exergy efficiency decreases. On the other hand,
the results show that the existence of a recovery cycle for
the engine leads to an increase in exergy efficiency in all
cycles, but the amount of increase in efficiency is
different; the most tremendous increase in exergy
efficiency is due to the use of CSO recovery cycle in the
lowest engine speed (600 rpm) and is equivalent to 6%
increase in exergy efficiency, on the other hand, the
lowest increase in efficiency occurs at the highest engine
speed (1800 rpm) and is equivalent to 3% increase in
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exergy efficiency, also using the CSO waste heat
recovery cycle has been able to increase the exergy
efficiency by an average of 3.8%.

Overall comparison of ORC, SRC and CSO

In this section, the results obtained from the
thermodynamic modeling of the waste heat recovery
cycle are compared with each other to determine the
optimal cycle in terms of performance. In this regard, in
Figure 15, the effect of the engine speed on the total
power by the engine and the recovery cycle has been
shown separately for all three cycles. The results show
that for all modes, the CSO cycle has a better performance
compared to the rest of the cycles; on the other hand, it
should be kept in mind that at low engine speeds (below
1000 rpm), the difference between the cycles is not
obvious. However, by being in the optimal performance
range (1500 to 1600 rpm), the performance of the CSO
cycle is far better than the rest of the cycles, although, as
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shown, the ORC cycle after can perform better
significantly. The CSO cycle can perform 37.72% better
in the optimal range than the ORC cycle. Also, using the
engine alone at the highest operating speed could produce
power equal to 2540 kW. However, using the waste heat
recovery cycle has increased this power by 8.3% and
reached 2751 kW.

In Figure 16, the effect of engine speed on the
efficiency of recovery cycles is shown; The results show
that the use of ORC and SRC recovery cycles at different
engine speeds does not have much effect on the
efficiency, and the efficiency remains almost constant.
However, the CSO cycle performs better than the other
two cycles and can have more variations by being placed
in different speeds. The system experiences a significant
increase in efficiency at optimal engine speed.

In order to compare the improved system with the
conventional systems, the FESR parameter can be used;
as it is clear from the diagram, the system can be
compared with the conventional electricity production
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systems for all conditions and the fuel energy saving ratio
(FESR) of CSO cycle is higher than other heat recovery
systems. Also the results showed that the system in the
optimal range could be up to 33.9 % of FESR, also CSO
cycle in this range has 3.5% more FESR compared to
ORC cycle. The effect of engine speed on fuel energy
saving ratio is shown in Figure 17.

Also, in the graph below, the effect of the engine
speed on the exergy efficiency of the recovery cycles was
compared, the system at the lowest speed has a low
exergy efficiency, the efficiency increases with the rise of
the engine speed and of course the heat produced by the
engine. After crossing the optimal range of the system,
the exergy efficiency decreases due to the reduction of the
waste heat input to the cycles. it is also worth mentioning
that from the exergy point of view CSO have better
performance. Of course, the CSO cycle performance in
the optimal performance range is larger than the other two
cycles. The effect of engine speed on exergy efficiency is
shown in Figure 18.
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In Figure 19, the average and maximum values of
efficiency from the energy, exergy and FESR point of
view of are shown, as it is clear from the graphs, the
recovery system with CSO cycle has a much higher
energy efficiency (33.6% on average and 42.6% for the
maximum mode) compared to the other two cycles, and
the ORC and SRC cycles have similar values in terms of
average and maximum efficiency. However, all cycles
have similar exergy efficiency and FESR (whether
maximum or average).

0.49 r
-~
L0444 | o .
g - -
a2 039 t -
&
g 034 f
S
B 0.29 o Efficiency_CSO (9
< 024 | Exergy Efficiency ORC (-)
Exergy Efficiency SRC (-
oo b Y Y_SRC ()
-
0.14 L . ,
400 900 1400 1900
Rotational Speed (rpm)

Figure 18. Effect of engine speed on exergy efficiency

0.45 -
0.40
035
0.30
025
0.20
0.15
0.10
0.05
0.00 Maxi
Maximum é:::;;,m Maximum
Efficiency Efficiency FESR
mCSO 0.154 0.423 0.333
mORC 0.108 0.413 0.317
SRC 0.101 0.411 0.315
(@
0.40
035
0.30 |
0.25
0.20 |
0.15
0.10
0.05
0.00 A
Average E\;eer%gye Average
Efficiency Efficiency FESR
mCSO 0.143 0.370 0.312
mORC 0.107 0.361 0.297
SRC 0.100 0.359 0.295
(b)

Figure 19. (a) Maximum and (b) average performance

comparison



B. Alizadeh Kharkeshi et al./ Iranica Journal of Energy and Environment 15(3):220-234, 2024

Environmental analysis

In order to study the performance of the system from the
environmental point of view, CO; production of the
system has been compared to conventional methods. In
Figure 20a, the effect of rotational speed on annual CO;
reduction has been shown. As it can be seen from the
figure by increasing the rotational speed, annual CO;
reduction rises and the maximum CO; reduction is 845
tons per year. On the other hand, the reduction ratio has
been shown in Figure 20b; the reduction ratio shows a
nonlinear behavior and reaches a maximum valuof 1180
rpm. The best environmental performance belongs to
CSO in comparison to ORC and SRC. The annual CO;
reduction of CSO is 5.1% higher than SRC and 6.2%
higher than ORC for best operating condition. On the
other hand, CO; production causes tax paying. So by
increasing the system’s efficiency and making system
more effective, the annual tax reduction can give an
appropriate environmental approach. System’s annual tax
reduction rises by increasing the rotational speed for all
waste heat recovery cycles (CSO, ORC and SRC). As it
could be predictable the highest tax reduction belongs to
CSO and the CSO can reduce the tax about $25351
peryear.

CONCLUSION

This research focused on the evaluation and investigation
of waste heat generated by the MTU 4000 R43L engine
through a series of experimental studies. Our findings,
which encompassed considerations of critical constraints
such as dew point and back pressure, led to the design and
evaluation of three waste heat recovery cycles: Organic

Rankine Cycle (ORC), Steam Rankine Cycle (SRC), and

Combined Supercritical Organic Rankine Cycle (CSO).

Our analysis encompassed multiple dimensions,

including energy, exergy, economics, and environmental

impact, yielding the following significant results:

Optimal Engine Speed: We observed a non-linear
relationship between engine speed and waste heat.
Increasing the speed up to 1600 rpm resulted in a
corresponding increase in engine waste heat. Beyond
this point, waste heat decreased. The system
demonstrated its highest waste heat potential (1553
kw) at 1600 rpm, representing a promising
opportunity for the recovery cycle.

2. Energy Efficiency: When comparing the cycles from
an energy perspective, the CSO cycle consistently
outperformed the ORC and SRC cycles. In the best-
case scenario, the CSO cycle exhibited an efficiency
that was 43.4% higher than the ORC cycle and 53.3%
higher than the SRC cycle.

3. Exergy Efficiency: The CSO cycle also demonstrated
superior exergy efficiency across all modes, albeit
with a less significant difference compared to energy
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efficiency. In the best case, the CSO cycle’s
efficiency was 2.5% greater than that of the ORC
cycle and 2.9% greater than the SRC cycle.

Economic impact: From an economic perspective,
the CSO cycle proved to be the most cost-effective
choice in all modes compared to the ORC and SRC
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cycles. The maximum fuel savings achieved by the
CSO, ORC, and SRC cycles were 33.3%, 31.7%, and
31.5%, respectively.

5. Average performance metrics: On average, the CSO
cycle exhibited higher energy efficiency (14.3%),
exergy efficiency (37.0%), and Fuel Economy and
Sustainability Ratio (FESR) (31.2%) compared to the
ORC and SRC cycles.

6. Environmental benefits:  Our  environmental
assessment revealed that the CSO cycle offered the
most favorable performance in terms of Annual CO2
Emission Reduction (ACOZ2ER), with a notable
reduction in annual tax expenses by approximately
$25,351 through the implementation of CSO waste
heat recovery.

In conclusion, this research underscores the potential of

waste heat recovery from the MTU 4000 R43L engine,

with the CSO cycle emerging as the most efficient, cost-
effective, and environmentally friendly option. These
findings have significant implications for the utilization
of waste heat in various industrial and energy
applications, contributing to both economic savings and
reduced environmental impact.

It could be a good suggestion to consider CHP and

CCHP recovery cycles for future research and analyze the

system from energy and exergy point of view.
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