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Abstract: A comprehensive thermodynamic study is conducted of a diesel based Combined
Heat and Power (CHP) system, based on a diesel engine and an Organic Rankine Cycle
(ORC). Present research covers both energy and exergy analyses along with a multi-
objective optimization. In order to determine the irreversibilities in each component of the
CHP system and assess the system performance, a complete parametric study is performed
to investigate the effects of major design parameters and operating conditions on the
system’s performance. The main contribution of the current research study is to conduct both
exergy and multi-objective optimization of a system using different working fluid for low-
grade heat recovery. In order to conduct the evolutionary based optimization, two objective
functions are considered in the optimization; namely the system exergy efficiency, and the
total cost rate of the system, which is a combination of the cost associated with
environmental impact and the purchase cost of each component. Therefore, in the
optimization approach, the overall cycle exergy efficiency is maximized satisfying several
constraints while the total cost rate of the system is minimized. To provide a better
understanding of the system under study, the Pareto frontier is shown for multi-objective
optimization and also an equation is derived to fit the optimized point. In addition, a closed
form relationship between exergy efficiency and total cost rate is derived.
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1. Introduction

Efficiency improvement of energy systems has been a focus among researchers and designers during
the last few decades. Thermal power plants have become more common in many power production sites
around the world. These industries are forced to enhance their technologies and use more green options
and high efficient cycles. One of the potential options to increase the efficiency of such systems is energy
integration that can utilize waste heat to produce useful output, i.e., electricity, heating, cooling and even
hot water.

Among different kinds of energy recovery systems, Organic Rankine Cycles (ORC) have gained a lot
of attention due to their use of low-grade heat waste from exhaust gas and coolant in an internal combustion
engine (ICE) [1-4]. For instance, a Spark Ignition with 1.4 L ICE and thermal efficiency of 15-32%,
wastes 1.7-45 kW of energy through radiator coolant and 4.6—-120 kW of through exhaust gas [5]. During
the past decades, many researchers have conducted different configurations of Rankine Cycles by using
different working fluids to improve the systems’ performance [6—15]. Papadopoulos et al. [16] investigated
the first approach to the systematic design and the selection of optimal working fluids for Organic
Rankine Cycles based on CAMD (computer aided molecular design) and process optimization
techniques. Wakui ef al. [17] studied optimal sizing of the residential gas engine cogeneration system
for the power interchange operation from an energy saving viewpoint by conducting optimal operational
planning based on mixed-integer linear programming. They concluded that energy savings increase with
system scale, as the heat to power ratio of the system decreases and approached that of demand due to
the increase in efficiency generated. Alanne et al. [18] conducted a study to determine optimal strategies
for the integration of a sterling engine based micro cogeneration system in residential buildings by
comparing the performance of various system configurations and operational strategies with that of a
reference system, i.e. hydraulic heating and a low temperature gas boiler in standard and passive house
constructions located in different climates. They suggested that an optimally operated micro-cogeneration
system encompassing heat recovery and appropriate thermal storage would result in 3—5% decrease in
primary energy consumption and CO2 emissions when compared with a conventional hydraulic heating
system. Ren ef al. [19] investigated two typical micro CHP alternatives, namely, gas engine and fuel cell
for residential buildings. For each facility, two different operating modes including minimum-cost
operation and minimum-emission operation were taken into consideration by employing a plan and
evaluation model for residential micro combined heat and power (CHP) systems. Aussant et al. [20]
modeled a group of test case houses using a high resolution building simulation program to evaluate the
efficiency of an internal combustion engine (ICE) to determine the economical (in terms of fuel cost)
impact of using ICE. The performance—in terms of electrical and CHP efficiencies—of the ICE-based
cogeneration systems in Canada was investigated and it was determined that the performance of the
ICE-based cogeneration system depended on the thermal and electrical loads of the house, especially the
severity and duration of the heating season. In this regard, the following steps were undertaken:

e  Model the diesel based CHP system

e Perform energy and exergy analyses and an environmental impact assessment of the system
e Determine the exergy efficiency and exergy destruction rate of each component

e  Apply an optimization technique based on a code developed in the Matlab software

e Propose a new closed-form expression relating the exergy efficiency and total cost rate
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e Develop an equation for the Pareto optimal points curve to provide an aid for the optimal design
of the multi-generation plant

2. System Description

The schematic of the cogeneration system based on ICE is shown in Figure 1. The Caterpillar
G3306B, ICE with a nominal power output of 125 kW is considered in this study, which consumes
natural gas as its fuel. The engine is connected to an electrical generator to produce electrical power and
also heat exchangers at the water jackets and exhaust gas for the heat recovery. The rejected heat from
the diesel engine is utilized as the energy input to the Organic Rankine Cycle (ORC) to produce
electricity. The output temperature of the hot water and diesel gases are varied due to the partial load,
and other parameters of the engine are varied. The waste heat from the ORC is then utilized to produce
steam in the heating process via the heat exchanger. The high pressure and high temperature vapor at
point 4 is expanded through a turbine to generate power, and vapor extracted from the turbine enters the
condenser for the heating process. The saturated liquid exits the condenser and enters the ORC pump at
point 6. The ORC pump increases the pressure of ORC working fluid, and high pressure ORC fluid
enters the ORC evaporator at point 7 to complete the ORC power generation unit.

Figure 1. Schematic of diesel engine based Combined Heat and Power (CHP) system.
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3. Modeling and Energy Analysis

To model the present CHP system, a simulation computer code using Matlab software was developed.
The two main parts of the CHP system as mentioned before (ORC and diesel engine) are first
individually modeled to include exergy flow rate. Engineering equation solver (EES) is linked to Matlab
in order to calculate the properties (e.g., pressure, temperature, enthalpy and entropy) of the different
working fluids. Several simplifying assumptions are made here to render the analysis more tractable,
while retaining adequate accuracy to illustrate the principal points of the study:

e  All processes operate at steady state

e The condenser outlet state is a saturated liquid, and its temperature is assumed to be approximately
5 °C higher than the environment temperature

e The working fluid at the evaporator outlet is a saturated vapor

e  The pressure drop in the ORC cycle is negligible

e  The heat loss from piping and other auxiliary components is negligible

According to the advances in the design of compact heat exchangers, temperature differences between
inlet air and condenser outlet for cross flow configuration can reach values lower than 10 °C and close
to 5 °C [21]. For thermodynamic modeling, the CHP system considered here (Figure 1) is divided into
two main sub-systems: (1) diesel engine and, (2) Organic Rankine Cycle. By applying energy analysis,
the temperature profile, input and output enthalpies of this CHP plant are determined. By applying the
exergy analysis, the exergy flows, exergy efficiencies and exergy destruction rate of the plant can be
determined. The relevant energy balances of the plant are described below.

3.1. Diesel Engine

A diesel engine—also known as a compression ignition engine—is an internal combustion engine
that uses the heat of compression to initiate ignition and burn the fuel that has been injected into the
combustion chamber.

In diesel engines, the heat lost to water jacket and exhaust can be recovered and utilized to produce
either heat or power in another cycle. Diesel engine characteristics such as thermal efficiency, power
production and recoverable heat are a function of partial load defined as the percentage of nominal load.
It is obvious that an increase in partial load results in an increase in both power and heat production
which eventually leads to an increase in mass flow rated injected into the engine. Therefore, the optimal
partial load should be determined in order to optimize the system. There are several methods to calculate
the output power and heat production from diesel engine as a function of partial load, however we have
used the relation used in [9]. The power generated by a diesel engine can be expressed as:

WDie,PL

. = {1.07 exp(—0.000574(PL)) — 1.26 exp(—0.0537 (PL))Np nom } (1)
1y p LHV; '

where LHVy is the fuel lower heating value (47,828 kJ/kg in this study), PL the partial load and 7p ,om

is diesel engine nominal efficiency.

Recoverable energy from the water jacket and exhaust gas enthalpy as a function of partial load are
expressible as:
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Qw j,PL

= 24.01 exp(—0.0248(PL)) + 15.35 exp(0.00282(PL
T p LHV, exp( (PL)) exp( (PL)) )
_Qom_ (0.001016(PL)? — 0.1423(PL) + 31.72) 3)
iy p LHV;

In addition, un-recoverable energy from oil and other components as a function of partial load can be

expressed as follows:

—JollPL_ — 133 x 1077(PL)* — 4.35 x 1075(PL)? + 0.0056(PL)* — 0.107(PL) + 15.64.  (4)

‘ﬂ'lf‘pLLHVf

Qotherser _ {=3.26 X 107°(PL)® + 0.0013(PL)? — 0.106PL + 15.64} (5)
mf,PLLHVf

3.2. ORC Cycle

The ORC cycle here has the following four main components:

e Heat Exchanger (evaporator)

The temperature profile and enthalpy of flows through the ORC evaporator are modelled as follows.
While the configuration details of the heat exchanger can be found in [22], the following energy balance
can be applied to the evaporator:

Q = myhy — m7h, (6)
e ORC Turbine

The energy balance of the ORC turbine is written as follow:
tiyhy = Wr + mghs (7)
Also, the isentropic efficiency of the turbine becomes

_ WORC,act
Norc,r = W (8)
ORC,is

where h, and hs are the inlet and outlet enthalpies and W/, RC,act and W, Rrc,is are actual and isentropic

turbine power outputs.

e ORC Condenser

The energy balance of the ORC condenser is as follow:
thshs = mghe + Qcona )
e ORC Pump

The energy balance of the ORC pump is written as follow:
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WORC,p = e (h; — he) (10)

4. Exergy Analysis

Unlike energy, exergy is a measure of the quality of energy that can be considered to evaluate, analyze
and optimize the system. Exergy analysis is utilized to define the maximum performance of a system
and to specify its irreversibilities [23—25]. Combining the first and second law of thermodynamics, the
following exergy rate balance is derived as:

E'xQ +Zmiexi=2meexe+ExW+ExD (11)
i e

where subscripts i and e denote the control volume inlet and outlet flow, respectively, Expis the exergy
destruction rate and other terms are given as follows:

E'xQ =(1- %)Ql-; Ex, =W;ex = expn + excp (12)

Here, E Xqis the exergy rate of heat transfer crossing the boundary of the control volume at absolute
temperature T, the subscript () refers to the reference environment conditions and Exy, is the exergy rate
associated with shaft work. Also, ex,pis defined as follows:

expn = (h — ho) — To(s — so) (13)

The chemical exergy can be written as follows [26]:

n n
exth. = [Z xiexf™ + RT, Z x; In x;] (14)
i=1 i=1
Here, the exergy of each flow is calculated at all states and the changes in exergy are determined for
each major component. The exergy destructions for all components in CHP system (Figure 1) are listed
in Table 1. The exergy efficiency, defined as the product exergy output divided by the exergy input [26],
can be expressed for the CHP system as follows:
Wpie + Wy — W,
Y= Die . T P
E.'X'f

(15)

where Wp;,, Wy and W) are diesel engine work, ORC turbine shaft work and pumping work respectively.

Ex; is fuel chemical exergy.
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Table 1. The exergy destruction equations for each component.

Components Exergy Destruction
Diesel ExD,Die = ExFuel - ExQ,HEX - WDie
Heat exchanger Ex, . = (Ex,+Ex,)—(Ex, + Ex,)
Turbine EXD,T = Ex4 - Ex9 - WT
Condenser ExD,Cand = Ex5 - Exﬁ - Exg,cOnd
Pump EXD‘ »= Ex6 —Ex7 + WP

5. Multi-Objective Optimization

To find the best design parameters for the system, a multi-objective optimization method based on an
evolutionary algorithm is applied. Therefore, the definition of objective functions, design parameters
and constraints, and optimization are represented as follow.

5.1. Definition of Objectives

In this research study, two different objective functions which are exergy efficiency (to be
maximized) and total product cost rate (to be minimized) are considered.

Pollution damage cost is added directly to the expenditures that must be paid. Therefore, the objective
functions in this analysis are written below:

(1) Exergy Efficiency

First objective function is selected as the exergy efficiency of the cycle. The calculation of exergy
efficiency is shown in Equation (15).

(2) Total Cost Rate

Ctot = sz + Cf + Cenv (16)
k

where the fuel cost and the cost rates of environmental impact are display as:
Cr = ¢y LHV; & Cony = Cco,Mco, (17)

Here, Z, is the purchase cost of each component. Purchase cost functions of each equipment are listed
in Table 2 [3,27,28]. ¢r is the diesel fuel cost which is 0.168 $/kg in our study. In this analysis, we express
the environmental impact as the total cost rate of pollution damage ($/s) due to CO2 emissions by
multiplying their respective flow rates by their corresponding unit damage costs (C¢,, is taken to

be 0.024 $/kg) [3]. The cost of pollution damage is assumed to be added directly to other system costs.
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Table 2. Purchase cost functions of each equipment.

Components Exergy Destruction
—138.71
Diesel* ZDie = |: 2 X ln ( Enomturbine ) + 1 727 1:| X EnOmturbine
Turbine ZT =4750% VKMS
Condenser Z, =150xA4>
Pump Z,=3500xW*

*: heat exchanger cost has been considered in diesel engine cost.
5.2. Decision Variables

The following decision variables are selected for the study: diesel engine nominal power (Wy o),
diesel engine partial load (PL), ORC turbine inlet pressure (P4), ORC condenser pressure (Ps), ORC
turbine isentropic efficiency (77r), ORC pump isentropic efficiency (7). In addition, due to the modeling
and objective function developing algorithm, the engine size is determined exactly by the selected decision
variables. Although the decision variables may be varied in the optimization procedure, each is required
to be within a reasonable range. Such constraints, based on earlier reports, are listed in Table 3 [26].

Table 3. Optimization constraints and their rationales.

Constraint Reason
50 kW < Wyom <200 kW Diesel engine size limitation
50 <PL <100 Diesel engine load limitation
1000 kPa < Pqin < 2500 kPa Commercial availability
50 kPa < Pcong < 300 kPa Commercial availability
nr<0.9 Commercial availability
n,<0.9 Commercial availability

5.3. Evolutionary Algorithm: Genetic Algorithm

Of the many optimization techniques known, evolutionary algorithm (EA) is known as one the most
important, as a set of modern-met heuristics used successfully in many applications with great
complexity. Evolutionary algorithms are highly connected by industrial applications due to their
capability of solving problems with multiple objectives, nonlinear constraints and dynamic components
properties which frequently appear in real problems. To find a global optimum a global, robust and
efficient method is needed. The specifications of the problem along with many literature citations
propose EA optimization as a useful, trustable and direct method [29,30].
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6. Results and Discussion
6.1. Working Fluid Selection

Various working fluids usually can be classified into three categories according to the slope of the
saturation vapor line in a T-s diagram. In this study, performance assessments of different working fluids
are conducted to see the effect of the different fluids on exergy efficiency of the diesel engine CHP
system. The T-s diagram of different working fluids for this study is shown in Figure 2. The thermo
physical properties of the selected working fluids are listed in Table 4.

Table 4. The thermo physical properties of the selected working fluids.

Molecular mass

Number Substance [kg/kmol] ' (K) P, (MPa) T (K)
1 R123 152.93 300.97 3.66 456.83
2 R134a 102.03 247.08 4.059 374.21
3 R124 136.48 261.22 3.62 395.43
4 R11 137.37 296.86 4.40 471.11
5 R12 120.91 2434 4.13 385.12
6 R143a 84.04 161.34 3.76 345.86
7 R113 187.38 320.74 3.39 487.21
8 R125 120.02 172.52 3.61 339.17
9 R141b 116.95 305.2 4.46 479.96

Tp*: Normal boiling point; P.,’: Critical pressure; T Critical temperature.

Figure 2. T-s diagram of selected working fluids.
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6.2. Exergy Analysis Results

The results of the present thermodynamic analysis are presented here, including assessments of the
effects of varying several design parameters on the cycle performance. As discussed earlier, the inputs
of the calculation program are transferred to the present code in order to calculate the outputs. In this
study the exergy efficiency, total exergy destruction and total cost rate of the CHP system are calculated
for different working fluids. Figure 3 shows the exergy efficiency of different working fluids. This figure
shows that R12 has the highest exergy efficiency compared to other working fluids followed by R11 and
R143a. In addition, when normal boiling temperature for the working fluid decreases, the maximum
pressure of the cycle should be increased to ensure saturated state at evaporator outlet. This increase in
pressure usually results in higher efficiency. However, if volatility of the fluid increases, the condenser
pressure must also rise significantly. Therefore, for R125 and R143a, efficiency is lower than R11
and R12.

Figure 3. Exergy efficiency of the CHP system for different working fluids.
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In order to enhance the understanding of the study, total cost rate of the system is also determined for
different working fluids. The results are shown in Figure 4. This figure shows that R12 has the highest
total cost rate among other working fluids. It was already concluded that R12 has the greatest exergy
efficiency compared to other working fluids which indicates that this working fluid is good when only
considering the exergy efficiency. The mass flow rate for fluids with lower normal boiling point and
lower latent heat is generally higher which also increases the overall cost. Therefore, the cost rate will
follow a similar trend as efficiency in Figure 3. However, from these two figures, it is concluded that
R123 has a reasonable exergy efficiency while its total cost rate is lower than other working fluids except
for R113, however R113 has the lowest exergy efficiency among the selected working fluids.
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Figure 4. Total cost rate of the CHP system for different working fluid.
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According to these results R123 is selected for the parametric study in order to see the effect of certain

design parameters on the system performance. The design parameters considered here are turbine inlet

pressure, condenser pressure, partial load and diesel engine nominal power. Figure 5 shows the variation

of exergy efficiency and total cost rate of the CHP system with turbine inlet pressure. It is shown that an

increase in turbine inlet pressure results in an increase in exergy efficiency of the system. This observation

is due to the fact that the enthalpy drop across the turbine increases as the pressure ratio increases.

Figure 5. Variation with turbine inlet pressure of the exergy efficiency and total cost rate of

the system.
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According to the definition of exergy efficiency for this CHP system given in Equation (15) and

keeping other parameters fixed, an increase in turbine inlet pressure increases the turbine work which is

based on increase in turbine inlet enthalpy. Figure 5 also shows the effect of turbine inlet pressure on the
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total cost rate of the system. As it is shown, an increase in turbine inlet pressure results in an increase in
total cost rate of the system. As already explained, an increase in this pressure increases the turbine work
and as the purchase cost of turbine is a direct function of turbine work, and increase in work results in
an increase in purchase cost of the turbine which consequently increase the total cost rate of the system.

The effect of turbine inlet pressure on total exergy destruction rate of the system is shown in Figure 6.
It shows that an increase in turbine inlet pressure decreases the total exergy destruction rate of the system,
due mainly to an increase in turbine work. According to the exergy balance equation for a control volume
around the turbine, an increase in turbine work leads to a decrease in the exergy destruction rate for the
turbine resulting in a reduction of total exergy destruction rate of the CHP system. Therefore the higher
the turbine inlet pressure the higher the exergy efficiency and the lower the total exergy destruction rate.
Figure 7 confirms this trend and indicates that an increase in turbine inlet pressure increases the net
output power as discussed earlier, and also an increase in turbine inlet pressure decreases the normalized
CO:2 emission of the system again according to an increase in net output power. As the mass flow rate
into the diesel engine is fixed, an increase in net output power with the same amount of fuel results in a
reduction of normalized CO2 emission of the system.

Another important parameter in power generation cycles is condenser pressure which strongly affects
the performance of the system. Figure 8 shows the effect of condenser pressure on both exergy efficiency
and total cost rate of the system. It is shown that an increase in condenser pressure decrease the exergy
efficiency of the CHP system. An increase in condenser pressure increases the heat rejected to the
environment which increases the enthalpy at Point 5 in Figure 1. Thus, an increase in this enthalpy results
in an increase in condenser heat rejection of the system and an increase in enthalpy at Point 5 decreases
the turbine work which finally decreases the net output power of the CHP system. As it is shown in
Figure 8, an increase in condenser pressure decreases the total cost rate of the system, due to a decrease in
both turbine work and condenser heat transfer area. Therefore, an increase in condenser pressure has a
negative effect on system exergy efficiency while having a positive effect on total cost rate of the system.
Thus this parameter is a good parameter for the optimization study that will be presented afterward.

Figure 6. Variation with turbine inlet pressure of the exergy efficiency and total exergy

destruction rate.
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Figure 7. Variation with turbine inlet pressure of the output power and normalized CO2 emission.
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Figure 8. Variation with condenser pressure of the exergy efficiency and total cost rate of
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Figure 9 shows the effect of condenser pressure on both net output power and normalized CO2
emission of the CHP system. As shown in this figure an increase in condenser pressure decreases the net
output power, mainly due to an increase in ORC turbine outlet enthalpy which results in a decrease in
turbine work and increase in heat rejected to the environment. In addition, it is seen that an increase in
condenser pressure increases the normalized CO2 emission of the system. Since the fuel mass flow rate
into the diesel engine is constant, a decrease in net output power leads to an increase in CO2 emission of
the system.
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Figure 9. Variation with condenser pressure of the net output power and normalized

CO2 emission.
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Partial load of the diesel engine is another important factor that affects the system performance.
Figure 10 shows the effect of partial load on system exergy efficiency and net output power. It is shown
that an increase in partial load increases both system exergy efficiency and net output power. This is due
to the fact that an increase in diesel engine load results in an increase in mass flow rate injected to the
engine, which eventually leads to an increase output power. Also, it increases the heat to the ORC cycle
which results in an increase in ORC turbine work. This is the main reason that an increase in diesel
engine load increases both net power and exergy efficiency.

Figure 10. Variation with partial load of the exergy efficiency and net output power.
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The effect of partial load on normalized CO2 emission and total exergy destruction rate of the system
is shown in Figure 11. As shown here, an increase in partial load decreases the normalized CO2 emission
of the system due to several effects. As already explained, an increase in partial load results in an increase
in mass flow rate injected into the diesel engine and increases the net output power. However, the
increase in output power dominates, eventually leading to a decrease in CO2 emission of the system. In
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addition, an increase in this parameter increases the total exergy destruction rate of the CHP system
which is due to an increase in exergy destruction rate of the diesel engine. This increase is due to an
increase in fuel exergy which is the input exergy flow of the diesel engine.

Figure 11. Variation with partial load of the normalized CO. emission and total exergy

destruction rate.
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Figure 12 shows the effect of partial load of the diesel engine on the total cost rate of the system. As
shown, an increase in partial load of the diesel engine increases the total cost rate of the system. This is
due to an increase in fuel cost and ORC turbine purchase cost which leads to an increase in total cost of
the system.

Figure 12. Variation with partial load of the total cost rate of the system.
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6.3. Multi-Objective Optimization Results

In this section, the optimization results are presented in more detail. Figure 13 shows the Pareto
frontier solution for this multi-generation system with objective functions given in Equations (16) and (17)
in multi-objective optimization. This figure shows the total cost rate of products increases moderately
as the total exergy efficiency of the cycle increases to approximately 41%. By increasing the total exergy
efficiency from 41% to 44%, the cost rate of the products increases significantly. As shown in Figure 13,
the maximum exergy efficiency is illustrated at design point C (43.86%), while the total cost rate of
products is also the best at this point (4.73 $/h). At design point A4, however, the minimum value for the
total cost rate of product occurs (about 2.72 $/h). When efficiency is the sole objective function, the
design point C is the optimal situation, however when total cost rate of product is the sole objective
function, design point 4 is the optimum point. Pareto frontier contains the best solution family of the
problem. Selecting the best point is not a clear and general approach and is dependent on the procedure
of decision making and changing parameters. A more general approach is using the concept of
equilibrium point, which is the intersection of the asymptotic surface of the Pareto frontier.

In this regard, a set of asymptotics are plotted for each Pareto frontier and their intersection shows
the equilibrium point. Thus, the best solution is the point which has the minimum distance from the
equilibrium point. In addition, the procedure of calculating the equilibrium point and minimum distance
point is a fully automatic approach which is programmed and applied to all cases. In this regard, Figure 13
point B is the ideal point in which both objectives have their optimal values independent of the other
objectives. Nevertheless, in this case, the Pareto optimum frontier exhibits weak equilibrium, i.e., a small
change in exergy efficiency from varying the operating parameters causes a large variation in the total
cost rate of product. Therefore, the equilibrium point cannot be utilized for decision making in this
problem. In selection of the final optimum point, it is desired to achieve a better magnitude for each
objective than its initial value for the base case problem. Therefore, the optimized points in the B-4
region have the maximum exergy efficiency increment of approximately 3% and minimum total cost
rate increment of approximately 1.5 $/h relative to design point B, and thus design point B can be a good
candidate for the multi-objective optimization.

Note that in multi-objective optimization and the Pareto solution, each point can be utilized as the
optimized point. Therefore, the selection of the optimum solution depends on the preferences and criteria
of the decision maker, suggesting that each may select a different point as the optimum solution
depending on the decision maker’s needs. Table 5 lists all the design parameters for points 4, B and C.
To assist with optimal design of the multi-generation system, the following expression (valid in the range
of 36% <y <44%) is derived for the Pareto optimal points curve (as shown in Figure 13):

—21.549?% + 7.49 + 10.95 8
P+ —8.29¢Y3 + 10.1yp2 — 17.37¢ + 9.4 (18)

Cior =
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Figure 13. Pareto frontier: best trade off values for the objective functions.
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The thermodynamic characteristics of three different points on the Pareto frontier are listed in Table 6
and show the selection of each point on the Pareto curve.

Table 5. Optimized decision variables for selected points on Pareto frontier.

Point  Wygpm (kW) PL () P4 (kPa) Ps (kPa)  Mrurpine ) Mpump ()

A 50 50.07 1004 28,843 0.7541 0.80
B 50 50 2496 63 0.9 0.84
C 54.76 99 2491 50.5 0.9 0.8612

Table 6. Thermodynamic characteristics of three different points on the Pareto frontier.

Point W et (KW) V(%) EXpioe (kW) €Oy, (KW) Cror (/h)
A 28.87 0.3635 45.99 0.42 2.827
B 32.55 0.425 45.06 0.3592 3.074
C 70.28 0.4423 91.71 0.3451 4.72

7. Conclusions

A diesel engine CHP system is developed in this research study, and the effect of different working
fluids on the performance assessment of the system is assessed. It was concluded that R123 has the better
performance assessment compared to other working fluids. Exergy analysis confirms that the diesel
engine for waste heat recovery can increase the exergy efficiency of the system by approximately 45%.
A calculus-based optimization approach using evolutionary algorithms (i.e., genetic algorithms) allows
multi-objective optimization of the multi-generation plant. Some other concluding remarks follow:
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e Anincrease in ORC turbine inlet pressure leads to an increase in exergy efficiency of the system

e Anincrease in turbine inlet pressure has a negative effect on the total cost rate of the system

e An increase in condenser pressure decreases the exergy efficiency of the system while having a
positive effect on the total cost rate of the system

e An increase in partial load of the diesel engine increases exergy efficiency of the system, net
output power and the total cost rate of the system, and decreases the normalized CO2 emission
of the system
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Nomenclature

C Total cost rate, ($/h)
ex specific exergy, (kJ/kg)
Exp exergy destruction rate, (kW)
h specific enthalpy, (kJ/kg)
LHV  lower heating value, (kJ/kg)
m mass flow rate, (kg/s)
P pressure, (kPa)
PL partial load (%)
0 heat transfer rate, (kW)
R gas constant, (kJ/kg K)
s specific entropy, (kJ/kg K)
T temperature, (°C)

work rate, (kW)
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Z purchase cost of each component

Greek Letters

nerump  pump isentropic efficiency, (%)
nr turbine isentropic efficiency, (%)
v exergy efficiency, (%)
Subscripts

act actual

Cond condenser

Die  diesel

e outlet condition

env  environmental
f fuel

HEX heat exchanger

i inlet condition

is isentropic

mix  mixture

nom  nominal

oil oil

ph physical

prim

P pump

T turbine

tot total

wj water jacket

0 reference environment condition
Superscripts

Ch chemical

rate
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