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In the present investigation, the energy, exergy, economic and
environmental (4E) characteristics of a waste heat recovery (WHR)
system including a dual-loop Organic Rankine Cycle (ORC) and a
heavy-duty diesel was investigated. The proposed system recovers
the available waste heat of the engine exhaust gas, intake air, and the
coolant. Central composite design (CCD) which is a standard
technique of response surface methodology (RSM) was employed for
the design of experiments (DoE). Parametric study of the output
responses to the effective input parameters was performed. The
results showed that increasing the amount of the engine variables led
to a significant increase in power production and exergy destruction
rate of the system and vice versa. The minimum amount of payback
period (5.57 years) was observed in the high values of the engine
parameters. The maximum output power of the WHR system was 330
kW, which was equal to 33% of the diesel engine brake power. The
maximum value for the sustainability index was also observed at
approximately 3.28.
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EXTENDED ABSTRACT

Introduction

Today, in all types of vehicles with various applications, the internal combustion engines
(ICEs) play a significant role. Depending on the usage of these systems, chemical fuels are
required. A large quantity of the fuel energy is wasted through the engine exhaust gases,
intake air; and the jacket water system. In recent years, one of the most recommended ways
to improve the thermal efficiency, fuel economy, and exhaust gas emissions is applying waste
heat recovery (WHR) technologies. Implementing organic Rankine cycles (ORCs) for WHR
of ICEs is a proper technology which can be employed to mass production for heavy and
medium-duty diesel engines. To develop a privileged ORC system, it is highly recommended
that attention is paid to cycle fluid selection, system architecture, and proper expanders and
heat exchangers. In this research, the energy, exergy, economic and environmental (4E)
analysis of both the engine and cyclic parameters of the developed system were investigated
simultaneously using the responses surface methodology (RSM). The GT-POWER 1-
dimonsional numerical modeling of the 12-cylinder heavy-duty diesel engine was provided,
and RSM analysis of the effective input parameters against output responses represented.
In respect of validation of the ICE, the experimental setup of the diesel engine was
introduced, and the comparative results between numerical model and experimental
observations were exhibited. Finally, the effects of four independent input variables, engine
speed, the start of injection, the higher pressure of the high-temperature loop, and the
higher pressure of the low-temperature loop against the output responses of the system
were scrutinized. The investigated responses arising from each analysis were as follows:
total produced power (energy analysis), exergy destruction rate (exergy analysis), payback
period (economic analysis), and sustainability index (environmental analysis).

Methodology

A standard Response Surface Methodology (RSM) design called Central Composite
Design (CCD) was implemented to develop the RSM model for each output parameter. RSM
is an effective statistical approach that uses minimal resources and quantitative data from a
series of experiments for the purpose of Design of Experiments (DoE) and evaluation of
model correlations. The considered input factors included the engine speed (N), the start of
injection (SOI), the higher pressure of the HT loop (HPHT), and the higher pressure of the LT
loop (HPLT). In addition, the responses were as follows: produced power (W ), thermal
efficiency (1), exergy efficiency (1), and exergy destruction rate (E, ) of the entire system.

The CCD considers five levels for each input factor. Three of those are defined as the
lower (-1), equal to (0), and the higher (+1) values for the center point, and two more levels,
namely (-/+) alpha are included. The alpha value is defined as 4 = 2/* where r represents
the number of input factors. In this case, the alpha is equal to 2. The CCD configuration is
shown in Figure 1.
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Figure 1. Central composite design (CCD) configuration.

Input factors and their coded name in terms of levels are summarized in Table 1. Based
on the number of factors and their levels, the statistical model table was designed. 30 series
of experiments, which included 24 factorial runs and six repetitive central point runs were
performed. Replicated central point experiments are necessary for the examination of the
pure error and sum of squares.

Table 1. Design range and levels of input factors.
Actual and coded levels of factors

Factor name
-2 -1 0 +1 +2
Engine speed (RPM) N 1000 1200 1400 1600 1800
Start of injection (CA bTDC) NY -20 -15 -10 -5 0

Higher pressure of HT loop (kPa) HPHT 1200 1800 2400 3000 3600
Higher pressure of LT loop (kPa) HPLT 1400 1750 2100 2450 2800

Results and discussion

In order to represent and visualize the effects of effective input variables on output
responses, 2-D surface contour plots are provided in Figures 2(a)-2(g). The combined
effects of N, SOI, HPHT, and HPLT against output system power, exergy destruction rate,
payback period, and sustainability index are shown in the below plots.
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Figure 2. Combine effects of key input parameters against output responses of the system.

As shown in Figure 2, an increase in the N and SOI significantly increases the power
production of the system. By an increment in the N and SO, the mass flow rate (MFR) and
temperature of both the exhaust gases and jacket water of the engine increases. Hence, the
MFR of HT and LT loops increases, and consequently, the total produced power of the system
increases. An increase in the HPHT and HPLT enhances the MFR of the cycle working fluid
resulting an increment in the power production of the system. Variation of the N and SOI
against the exergy destruction rate has a similar result of the produced power. As it is stated
before, an increase in HPHT and HPLT leads to an increase in power. This causes a decrease
in the rate of exergy destruction rate of the loops and the whole cycle. The minimum payback
period is obtained at the maximum values of engine variables, which is equal to 5.57 years.
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The highest and lowest values seen for the sustainability index are approximately 3.28 and
2.2, respectively.

Conclusion
The most significant outcomes of this research are as follows:

1- The maximum produced power of the system is approximately 330 kW, which is
33% of the output power of the diesel engine.

2- Increasing the engine parameters leads to a significant rise in the power of the
system. The sensitivity of the power to the HPHT is much higher than the HPHT.

3- The variation of engine parameters against the sustainability index is not
significant. But by changing the HPHT and HPLT, the sustainability index variate
remarkably. The highest and lowest values observed for this response are around
3.28 and 2.2, respectively.

4- The minimum payback period is obtained at the maximum values of engine
variables, which is equal to 5.57 years.
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