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MULTI-OBJECTIVE OPTIMIZATION OF A BOTTOMING ORGANIC 1 

RANKINE CYCLE (ORC) OF GASOLINE ENGINE USING SWASH-2 

PLATE EXPANDER 3 

J. Galindo, H. Climent, V. Dolz1, L. Royo-Pascual 4 

CMT – Motores Térmicos, Universitat Politècnica de València, Spain 5 

Abstract 6 

This paper presents a mathematical model of a bottoming Organic Rankine Cycle 7 

coupled to a 2l turbocharged gasoline engine to optimize the cycle from a thermo-8 

economic and sizing point of view. These criteria were optimized with different 9 

cycle values. Therefore, a methodology to optimize the ORC coupled to Waste 10 

Heat Recovery systems in vehicle applications is presented using a multi-11 

objective optimization algorithm. Multi-objective optimization results show that the 12 

optimum solution depend on the importance of each objective to the final solution. 13 

Considering thermo-economic criteria as the main objective, greater sizes will be 14 

required. Considering sizing criteria as the main objective, higher thermo-15 

economic parameters will be obtained. Therefore, in order to select a single-16 

solution from the Pareto frontier, a multiple attribute decision-making method 17 

(TOPSIS) was implemented in order to take into account the preferences of the 18 

Decision Maker. Considering the weight factors 0.5 for Specific Investment Cost 19 

(SIC), 0.3 for the area of the heat exchangers (Atot) and 0.2 for Volume Coefficient 20 

(VC) and the boundaries of this particular application, the result is optimized with 21 

1 V. Dolz. CMT-Motores Térmicos, Universitat Politècnica de Valencia, Camino de Vera s/n, 46022 Valencia, Spain. 
Phone: +34 963877650 Fax: +34 963877659 e-mail: vidolrui@mot.upv.es 

                                            



values of 0.48 m2 (Atot), 2515 €/kW (SIC) and 2.62 MJ/m3 (VC). Moreover, the 22 

profitability of the project by means of the Net Present Value and the Payback 23 

has been estimated. 24 

Keywords 25 

Organic Rankine Cycle, Gasoline engine, Waste Heat Recovery, Optimization 26 

analysis, Genetic Algorithm, TOPSIS 27 

NOMENCLATURE 28 

Acronyms 29 

EG Exhaust gas 

GA Genetic Algorithm 

ICE Internal Combustion Engines 

LMTD Logarithmic Mean Temperature Difference 

NPV Net Present Value 

ORC Organic Rankine Cycle 

PB Payback 

SFC Specific Fuel Consumption 

SIC Specific Investment Cost 

SP Size Parameter 

TCC Total Component Costs 



TOPSIS 
Technique for Order Preference by Similarity 

to an Ideal Solution 

VC Volume Coefficient 

WHR Waste Heat Recovery 

WMM Weighted Metric Method 

Notation 30 

Latin 31 

𝐴𝐴 Area m2 

𝐶𝐶 Cost € 

𝐶𝐶𝑝𝑝 Specific Heat Capacity at constant 

pressure 

J/kgK 

𝑑𝑑 Diameter m 

𝐷𝐷ℎ Hydraulic diameter m 

𝑓𝑓 Friction factor - 

𝑓𝑓𝑓𝑓 Fuel consumption kg/h 

𝐺𝐺 Mass flow velocity kg/m2s 

ℎ Specific enthalpy  kJ/kg 

ℎ𝑟𝑟 Hours h 

𝐾𝐾 Thermal conductivity W/mK 



𝐿𝐿 Lenght m 

𝑚̇𝑚 Mass flow kg/s 

𝑁𝑁 Number of plates - 

𝑃𝑃 Pressure bar 

𝑄̇𝑄 Thermal power kW 

𝑟𝑟 Discount rate - 

𝑆𝑆 Saving € 

𝑆𝑆𝑆𝑆 Superheating temperature ºC 

𝑡𝑡 Number of periods - 

𝑇𝑇 Temperature °C 

𝑈𝑈 Heat transfer coefficient W/m2K 

𝑣𝑣 Specific volume m3/kg 

𝑉̇𝑉 Volumetric flow m3/s 

𝑉𝑉𝑉𝑉𝑉𝑉 Volume l 

𝑊𝑊 Width m 

𝑊̇𝑊 Mechanical power kW 

𝑋𝑋𝑡𝑡𝑡𝑡 Martinelli Parameter - 

 32 



Greek letters 33 

𝜀𝜀 Exergetic efficiency - 

𝜂𝜂 Isentropic efficiency - 

∆ Increment  

𝜌𝜌 Density kg/m3 

𝜇𝜇 Dynamic viscosity  

∆ Increment  

Subscripts 34 

1 − 8 State points 

𝑒𝑒𝑒𝑒 Ethanol 

𝑒𝑒𝑒𝑒 Exhaust gas 

𝑝𝑝𝑝𝑝 Plate 

𝐴𝐴 Zone A 

𝐵𝐵 Zone B 

𝐶𝐶 Zone C 

𝑡𝑡𝑡𝑡𝑡𝑡 Total 

𝑁𝑁𝑁𝑁𝑁𝑁 Nucleate Boiling 

𝑐𝑐𝑐𝑐 Convective Boiling 



𝑙𝑙 Liquid 

𝑓𝑓𝑓𝑓 Liquid to gas 

𝑣𝑣 Vapour 

𝑒𝑒 Effective 

𝑒𝑒𝑒𝑒 Equivalent 

𝑡𝑡𝑡𝑡 Two Phase 

𝑎𝑎𝑎𝑎𝑎𝑎 Average 

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 Wall 

𝑖𝑖𝑖𝑖 Inlet conditions 

𝑜𝑜𝑜𝑜𝑜𝑜 Outlet conditions 

𝑖𝑖𝑖𝑖 Isentropic 

𝑒𝑒𝑒𝑒𝑒𝑒 Expander 

𝑝𝑝 Pump 

𝑐𝑐 Condenser 

𝑏𝑏 Boiler 

𝑛𝑛𝑛𝑛𝑛𝑛 Net 

𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 Pipe 

𝑙𝑙𝑙𝑙𝑙𝑙 Labour 



𝑐𝑐𝑐𝑐 Components 

𝑐𝑐𝑐𝑐 Consumption 

𝑒𝑒𝑒𝑒𝑒𝑒 Engine 

𝑓𝑓 Fuel 

Dimensionless numbers 35 

𝐶𝐶𝐶𝐶 = �
𝜌𝜌𝑔𝑔
𝜌𝜌𝑙𝑙
� ∗ �

1 − 𝑋𝑋𝑚𝑚
𝑋𝑋𝑚𝑚

�
0.8

 Convection number 

𝐹𝐹𝐹𝐹 =
𝐺𝐺2

𝜌𝜌𝑙𝑙2 ∗ 𝑔𝑔 ∗ 𝐷𝐷ℎ
 Froude number 

𝐵𝐵𝐵𝐵 =
𝑞𝑞

𝐺𝐺 ∗ 𝑖𝑖𝑓𝑓𝑓𝑓
 Boiling number 

𝑃𝑃𝑃𝑃 =
𝜇𝜇𝑙𝑙 ∗ 𝐶𝐶𝑝𝑝,𝑙𝑙

𝑘𝑘𝑙𝑙
 Prandtl number 

𝑅𝑅𝑅𝑅 =
𝐷𝐷ℎ ∗ 𝑉𝑉𝑇𝑇𝑇𝑇 ∗ 𝜌𝜌𝑙𝑙

𝜇𝜇𝑙𝑙
 Reynolds number 

1. Introduction 36 

Increasingly regulation targets on diesel emissions are supposed to be imposed 37 

in the EU during the forthcoming years to reach the target of carbon dioxide 38 

emissions lower than 95 g CO2/km in year 2020 [1]. In order to fulfill these limits, 39 

improvements in vehicle consumption have to be achieved [2]. The automotive 40 

ICE, despite its technological advances over the years, converts just around 15-41 

32% of the fuel energy into mechanical energy. Most of the total energy is lost 42 

through the exhaust gas and coolant in form of heat, and part of that energy could 43 



be recovered to produce electrical or mechanical power. Therefore, these 44 

sources can be exploited to improve the overall efficiency of the engine. Between 45 

these sources, exhaust gases show the largest potential of WHR due to its high 46 

level of exergy [3]. Between WHR technologies Rankine cycles are considered 47 

as the most promising candidates for improving diesel engines [4]. Simplicity and 48 

availability are two of the main advantages of this system. 49 

Most of investigations for ORC are focused on configuration optimization and 50 

single-optimization in ICEs waste heat recovery problems [5]–[7],[8]. However, 51 

several authors revealed that multi-objective optimization and multi-parameters 52 

solutions are advisable to achieve the best overall thermodynamic and economic 53 

performance for the subcritical ORC [9]–[12]. In order to fulfill optimization 54 

requirements, genetic algorithms (GA) have been extensively adopted for low 55 

grade waste heat recovery problems. Most of them corresponds to ORC applied 56 

to industrial installations [13]. Only a few have been applied to IC engines [14]. 57 

However, no bottoming ORC coupled to an ICE has been analyzed and evaluated 58 

using this method, taking account thermo-economic and sizing criteria. Moreover, 59 

values of real experimental tests have been used to calibrate this model. In a 60 

previous paper [15], five engine steady-state operating points have been tested 61 

using ethanol as working fluid and a swash-plate expander as expander machine. 62 

A model of the installation has been developed by the authors with maximum 63 

deviation of 4% regarding pressures and temperatures and a value of 5% 64 

regarding torque [16]. This model has been used as a reference validation of the 65 

mathematical model proposed in this article. 66 

In this paper, a thermo-economic model of the ORC system coupled to a gasoline 67 

engine is presented. This model is based on energy balances and economic 68 



criteria of the different components of the ORC system. The main objective of this 69 

work is to evaluate this thermo-economic model as a tool to optimize a multi-70 

objective problem using a Genetic Algorithm. 71 

2. Description of the ORC 72 

Fig  1 and Fig  2 shows respectively the schematic diagram and the experimental 73 

installation of the ORC cycle. Red lines correspond to the exhaust gas line. The 74 

ethanol cycle loop is divided in two colors, green in the high pressure level and 75 

black in the low pressure level. Cooling loop is defined by blue lines (dark blue 76 

for the inlet cooling line and light blue for the outlet cooling line). 77 

 78 

 79 

 80 

Fig  1. Schematic diagram of the installation 81 



 82 

Fig  2. ORC Mock-up 83 

The heat needed to vaporize the ethanol is provided by the engine exhaust 84 

gases. First of all, the working fluid is pumped from the tank at the condensing 85 

pressure to the boiler at the evaporating pressure. Then, the working fluid is pre-86 

heated, vaporized and superheated in the heat exchanger. The ethanol vapor 87 

expands from the evaporating pressure to the condensing pressure in the 88 

expander machine. Finally, low pressure vapor is extracted from the expander 89 

and flows to the condenser, where it condenses using cooling water. The boiler 90 

ensures the heat transfer from exhaust gas to the working fluid. The condenser 91 

is followed by an expander vessel in order to impose the low pressure in the 92 

installation and a liquid reservoir. The expander prototype is a piston swash-plate.  93 



Fig  3 shows a simplified diagram of the ORC designed for a waste heat recovery 94 

application. References to this diagram will be made during the whole article. The 95 

main elements of the cycle (boiler, expander, condenser and a pump) are 96 

presented in this figure. Boiler and condenser are divided in three areas, 97 

corresponding to single-phase liquid, two phase and single-phase vapor. 98 

 99 

Fig  3. Cycle diagram for thermodynamic analysis 100 

Fig  4 shows the ethanol T-S diagram. Points from 1 to 8 indicate the ethanol 101 

cycle, points 9 to 12 indicate the exhaust gas cooling process and points from 13 102 

to 16 indicate the water heating process.  103 



 104 
Fig  4. T-S ethanol diagram with state points 105 

3. Mathematical model 106 

A thermodynamic model of a bottoming ORC is used to evaluate the 107 

performance of the system.  108 

3.1. Boiler and condenser model 109 

Plate heat exchangers are modeled by means of the Logarithmic Mean 110 

Temperature Difference (LMTD), considering a three-zone approach. Each of 111 

them is characterized by a heat transfer coefficient (U) and area (A). 112 

The evaporator geometric parameters are presented in Table 1. Geometric 113 

parameters of the condenser are the same as the evaporator, except for the 114 

width, which is 0.4 m.  115 



Table 1. Boiler geometric parameters 116 

Parameter Description Value 

Dh=2a Hydraulic diameter 0.008 m 

W Width 0.1 m 

L Length 0.4 m 

dpl Thickness plate 0.002 m 

β Chevron angle 45º 

Kpl Thermal conductivity 14.9 W/mK 

 117 

The heat transfer coefficient of a plate heat exchanger is computed as: 118 

1
𝑈𝑈

=
1
ℎ𝑒𝑒𝑒𝑒

+
1
ℎ𝑒𝑒𝑒𝑒

+
𝑑𝑑𝑝𝑝𝑝𝑝
𝑘𝑘𝑝𝑝𝑝𝑝

 
(1)  

Where ℎ𝑒𝑒𝑒𝑒  and ℎ𝑒𝑒𝑒𝑒 are the convective heat transfer in the ethanol and the exhaust 119 

gas side respectively, 𝑑𝑑𝑝𝑝 is the thickness of the plate and 𝑘𝑘𝑝𝑝𝑝𝑝 is the thermal 120 

conductivity of the plate. Fouling resistances are neglected because it is assumed 121 

new plate heat exchangers. 122 

The total heat exchanger area in each heat exchanger (boiler and condenser) is 123 

the sum of each zone (A, B and C in Fig  4): 124 

𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 = 𝐴𝐴𝐴𝐴 + 𝐴𝐴𝐵𝐵 + 𝐴𝐴𝐶𝐶 = �𝑁𝑁𝑝𝑝𝑝𝑝 − 2� ∗ 𝐿𝐿 ∗ 𝑊𝑊 (2)  

Where 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 is the total heat transfer area, 𝑁𝑁𝑝𝑝𝑝𝑝 is the number of plates, 𝐿𝐿 and 𝑊𝑊 125 

are the length and width of the plate exchanger respectively. 126 



3.1.1. Single phase (zones A and C) 127 

For the convective heat transfer (Eq. 3) and pressure drop (Eq. 4 and 5) in the 128 

single phase Thonon correlation [17] was used: 129 

𝑁𝑁𝑁𝑁 = 0.299 ∗ 𝑅𝑅𝑒𝑒0.645 ∗ 𝑃𝑃𝑃𝑃
1
3   (3)  

𝑓𝑓 = 0.685 ∗ 𝑅𝑅𝑒𝑒−0.172 (4)  

𝛥𝛥𝛥𝛥 =
2 ∗ 𝑓𝑓 ∗ 𝐺𝐺2

𝜌𝜌 ∗ 𝐷𝐷ℎ
∗ 𝐿𝐿 

(5)  

Where 𝑓𝑓 is the friction factor, 𝐺𝐺 is the mass flow velocity, 𝜌𝜌 is the mean fluid 130 

density, 𝐷𝐷ℎ is the hydraulic diameter and 𝐿𝐿 is the length of the plate exchanger. 131 

3.1.2. Boiling heat transfer coefficient (zone B in boiler) 132 

The boiling heat transfer coefficient is estimated by Chen [18] correlation. This 133 

heat exchange coefficient takes into account two mechanisms: an effective 134 

Reynolds number factor (F) and a bubble-growth suppression factor (S). The first 135 

factor (F) is the ratio of the two-phase Reynolds number to the liquid Reynolds 136 

number and it is assumed as a function of the Martinelli parameter 𝑋𝑋𝑡𝑡𝑡𝑡 [19]. The 137 

second one (S) was defined as the ratio of the effective superheat to the total 138 

superheat of the wall. These two functions were determined empirically from 139 

experimental data. 140 

ℎ𝑡𝑡𝑡𝑡 = 𝑆𝑆 ∗ ℎ𝑁𝑁𝑁𝑁𝑁𝑁 + 𝐹𝐹 ∗ ℎ𝑐𝑐𝑐𝑐 (6)  

ℎ𝑁𝑁𝑁𝑁𝑁𝑁 = 0.00122 ∗
𝑘𝑘𝑙𝑙0.79 ∗ 𝐶𝐶𝑝𝑝𝑙𝑙0.45 ∗ 𝜌𝜌𝑙𝑙0.49 ∗ 𝑔𝑔0.25

𝜎𝜎0.5 ∗ 𝜇𝜇𝑙𝑙0.29 ∗ ℎ𝑓𝑓𝑓𝑓0.24 ∗ 𝜌𝜌𝑣𝑣0.24 ∗ ∆𝑇𝑇0.24 ∗ ∆𝑃𝑃0.75 
(7)  



ℎ𝑐𝑐𝑐𝑐 = 0.023 ∗ 𝑅𝑅𝑒𝑒𝑙𝑙0.8 ∗ 𝑃𝑃𝑃𝑃𝑙𝑙0.4 ∗
𝑘𝑘𝑙𝑙
𝐷𝐷ℎ

 
(8)  

𝐹𝐹 = �
𝑅𝑅𝑅𝑅
𝑅𝑅𝑒𝑒𝑙𝑙

�
0.8

 
(9)  

𝑆𝑆 = �
∆𝑇𝑇𝑒𝑒
∆𝑇𝑇

�
0.99

 
(10)  

Where 𝑘𝑘 is the thermal conductivity, 𝜎𝜎 is the surface tension, 𝜇𝜇 is the dynamic 141 

viscosity, ℎ𝑓𝑓𝑓𝑓 is the latent heat of vaporization, ∆𝑇𝑇𝑒𝑒 is the effective superheat with 142 

flow, ∆𝑇𝑇 is the superheat and ∆𝑃𝑃 is the difference in vapor pressure 143 

corresponding to ∆𝑇𝑇. 144 

Pressure drop is computed with the same equation as the single phase (Eq. 5), 145 

using Hsieh correlation [20] to obtain the friction factor in the boiling phase. 146 

𝑓𝑓 = 61000 ∗ 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒−1.25 (11)  

Where 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒 is the equivalent Reynolds number regarding the flow as a liquid. 147 

3.1.3. Condensation heat transfer coefficient (zone B in condenser) 148 

The condensation heat transfer coefficient and friction factor (pressure drop) are 149 

estimated by Kuo [21] correlation. This correlation has been developed for vertical 150 

plate heat exchangers using R410A. Results are similar to Shah correlation 151 

developed for ethanol inside pipes [22].  152 

ℎ𝑡𝑡𝑡𝑡 = ℎ𝑙𝑙 ∗ �0.25 ∗ 𝐶𝐶𝑜𝑜−0.45 ∗ 𝐹𝐹𝑟𝑟𝑙𝑙0.25 + 75 ∗ 𝐵𝐵𝑜𝑜0.75� (12)  

ℎ𝑙𝑙 = 0.2092 ∗ �
𝑘𝑘𝑙𝑙
𝐷𝐷ℎ
� ∗ 𝑅𝑅𝑒𝑒𝑙𝑙0.78 ∗ 𝑃𝑃𝑃𝑃𝑙𝑙

1
3 ∗ �

𝜇𝜇𝑎𝑎𝑎𝑎𝑎𝑎
𝜇𝜇𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

�
0.14

 
(13)  



𝑓𝑓 = 21500 ∗ 𝑅𝑅𝑒𝑒𝑒𝑒𝑒𝑒−1.14 ∗ 𝐵𝐵𝑜𝑜−0.085 (14)  

Where 𝐶𝐶𝐶𝐶,𝐹𝐹𝐹𝐹,𝐵𝐵𝐵𝐵,𝑃𝑃𝑃𝑃 𝑎𝑎𝑎𝑎𝑎𝑎 𝑅𝑅𝑅𝑅 are respectively the numbers of Convection, Froude, 153 

Boiling, Prandtl and Reynolds. 154 

3.2. Expander model 155 

The expander has been characterized by an isentropic efficiency. The maximum 156 

value of this isentropic efficiency is fixed by the built-in volumetric expansion ratio. 157 

Expander speeds below 3500 rpm (and therefore higher pressure ratios than 158 

optimal one) lead to an expander performance drop mainly due to the effect of 159 

leakages, whereas higher expander speed and lower pressure ratios lead to a 160 

sharply reduction in the expander isentropic efficiency mainly due to the effect of 161 

mechanical losses and intake pressure drop. For a given rotational speed and 162 

mass flow rate, the isentropic efficiency is function of the pressure ratio. This 163 

hypothesis has been assumed in order to simplify the model. Therefore, a typical 164 

isentropic process of a swash-plate expander in the pressure levels has been 165 

used from 20 to 40 bar [15]. The isentropic efficiency has been correlated as a 166 

function of the pressure ratio (Eq. 15) using experimental data with a correlation 167 

coefficient of 92.35%. 168 

𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑓𝑓 �
𝑃𝑃ℎ𝑖𝑖𝑖𝑖ℎ
𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙

� 
(15)  

The characterization of the expander size has been made using the “Volume 169 

Coefficient” (VC) [23]. This expression takes into account the volumetric 170 

expansion ratio and constitutes a representative factor of the actual size of the 171 

volumetric machine. 172 



𝑉𝑉𝑉𝑉 =
𝑉̇𝑉𝑜𝑜𝑜𝑜𝑜𝑜
𝑊̇𝑊𝑒𝑒𝑒𝑒𝑒𝑒

 
(16)  

Where 𝑉̇𝑉𝑜𝑜𝑜𝑜𝑜𝑜 is the volumetric flow at the outlet of the expander and 𝑊̇𝑊𝑒𝑒𝑒𝑒𝑒𝑒 is the 173 

power delivered by the expander in the expansion process of the expander. 174 

3.3. Pump model 175 

The pump behavior has been characterized by its isentropic efficiency, which is 176 

assumed to be constant with a value of 80% as a representative efficiency value 177 

for these machines [24]. 178 

𝜂𝜂𝑖𝑖𝑖𝑖𝑖𝑖 =
ℎ1𝑠𝑠 − ℎ8
ℎ1 − ℎ8

 
(17)  

3.4. Cycle model 179 

The global cycle model is obtained by computing the energy balance equations 180 

to each component. The boundary conditions of the experimental tests presented 181 

in [15] have been imposed to the mathematical model (Temperatures and mass 182 

flows). Moreover, the efficiency of the expander as a function of the pressure ratio 183 

of the real experimental tests was also the input of the model. Therefore, in order 184 

to obtain the optimal point, sensitivity studies are presented using the evaporation 185 

pressure and the superheating.  186 

 Table 2 indicates a summary of these equations. 187 

 188 

 189 



Table 2. Energy balance equations 190 

Cycle 
component Energy balance equations 

Expander 𝜂𝜂𝑖𝑖𝑖𝑖 =
𝑊̇𝑊𝑒𝑒𝑒𝑒𝑒𝑒

𝑊̇𝑊𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖
, 𝑊̇𝑊𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖𝑖𝑖 = 𝑚̇𝑚𝑒𝑒𝑒𝑒 ∗ (ℎ4 − ℎ5𝑠𝑠), 𝑊̇𝑊𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑚̇𝑚𝑒𝑒𝑒𝑒 ∗ (ℎ4 − ℎ5) 

Pump 𝜂𝜂𝑖𝑖𝑖𝑖 =
𝑊̇𝑊𝑝𝑝,𝑖𝑖𝑖𝑖

𝑊̇𝑊𝑝𝑝
, 𝑊̇𝑊𝑝𝑝,𝑖𝑖𝑖𝑖 = 𝑚̇𝑚𝑒𝑒𝑒𝑒 ∗ (ℎ1𝑠𝑠 − ℎ8), 𝑊̇𝑊𝑝𝑝 = 𝑚̇𝑚𝑒𝑒𝑒𝑒 ∗ (ℎ1 − ℎ8) 

Condenser  𝑄̇𝑄𝑐𝑐 = 𝑚𝑚𝑒𝑒𝑒𝑒̇ ∗ (ℎ5 − ℎ8) 

Boiler 𝑄̇𝑄𝑏𝑏 = 𝑚𝑚𝑒𝑒𝑒𝑒̇ ∗ (ℎ4 − ℎ1) 

 191 

Using the thermodynamic properties of the state points, the net power (Eq. 18) 192 

and the cycle efficiency (Eq. 19) can be defined: 193 

𝑊̇𝑊𝑛𝑛𝑛𝑛𝑛𝑛 = 𝑊̇𝑊𝑝𝑝 − 𝑊̇𝑊𝑒𝑒𝑒𝑒𝑒𝑒 (18)  

𝜂𝜂𝑂𝑂𝑂𝑂𝑂𝑂 =
𝑊̇𝑊𝑛𝑛𝑛𝑛𝑛𝑛

𝑄̇𝑄𝑏𝑏
 

(19)  

Where 𝑊̇𝑊𝑛𝑛𝑛𝑛𝑛𝑛 is the net power and 𝜂𝜂𝑂𝑂𝑂𝑂𝑂𝑂 is the cycle efficiency. 194 

3.5. Economic model 195 

The thermodynamic mathematical model of the cycle, described in the previous 196 

paragraph, is expanded by considering costs of the main elements in the cycle. 197 

These costs are estimated from the work of Quoilin et al. [7] and they are 198 

presented in Table 3. 199 



Table 3. Component costs 200 

Component Dependent variable Cost [€] 

Expander Volume flow rate (m3/s) 1.5 ∗ (225 + 170 ∗ 𝑉̇𝑉𝑖𝑖𝑖𝑖) 

Boiler Heat exchange area(m2) 1.5 ∗ (190 + 310 ∗ 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡) 

Condenser Heat exchange area(m2) 190 + 310 ∗ 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 

Pump Pump power (W) 
900 ∗ �

𝑊̇𝑊𝑝𝑝

300
�
0.25

 

Liquid receiver Volume (l) 31.5 + 16 ∗ 𝑉𝑉𝑉𝑉𝑉𝑉 

Piping Pipe diameter (mm) 

Pipe length (m) 

�0.897 + 0.21 ∗ 𝑑𝑑𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� ∗ 𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 

Working fluid Mass (kg) 20 ∗ 𝑀𝑀 

Hardware - 300 

Control system - 500 

Labor Total component costs(€) 0.5 ∗ 𝑇𝑇𝑇𝑇𝑇𝑇 

 201 

As Quoilin et al. [7] consider in their work, the estimated cost of commercial 202 

volumetric compressors is multiplied by a factor of 1.5 to obtain the estimated 203 

cost of the volumetric expander, in order to consider the low level of maturity in 204 

the volumetric expander for these type of applications. In the case of the 205 

evaporator, which should withstand high temperatures in the exhaust gases side 206 

and high pressures and thermal stress in the ethanol side, the multiplying factor 207 



is also assumed to be 1.5. Diameters and lengths of pipes are measured in the 208 

experimental facility, in order to obtain representative values of these tubes. The 209 

total ethanol mass of the system is calculated from the real volume of ethanol in 210 

the installation and the density, assuming that half of the heat exchangers and 211 

the liquid receiver are filled with liquid and half with vapor. 212 

One of the thermo-economic objective functions most used in the literature is the 213 

Specific Investment Cost (SIC) parameter in €/kW [25], which is defined in Eq. 214 

20. 215 

𝑆𝑆𝑆𝑆𝑆𝑆 =
𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙 + 𝐶𝐶𝑐𝑐𝑐𝑐
𝑊̇𝑊𝑛𝑛𝑛𝑛𝑛𝑛

 
(20)  

Where 𝐶𝐶𝑙𝑙𝑙𝑙𝑙𝑙 is the cost of labour and 𝐶𝐶𝑐𝑐𝑐𝑐 is the cost of the components. 216 

Moreover, the Net Present Value and Payback were estimated, defined in Eq. 21 217 

and Eq.22. 218 

𝑁𝑁𝑁𝑁𝑁𝑁 = �
𝐶𝐶𝑡𝑡

(1 + 𝑟𝑟)𝑡𝑡 − 𝐶𝐶𝑜𝑜

𝑇𝑇

𝑡𝑡=1

 
(21)  

𝑃𝑃𝑃𝑃 =
𝐶𝐶𝑜𝑜
𝐶𝐶𝑡𝑡

 (22)  

Where 𝐶𝐶𝑡𝑡 is the net cash inflow during the period t, 𝐶𝐶𝑜𝑜 is the total investment 219 

costs, 𝑟𝑟 is the discount rate and 𝑡𝑡 is the number of periods. 220 

The net cash inflow is computed using the specific fuel consumption in a 221 

particular engine operating point and estimate the operating hours of a vehicle in 222 

a year. The higher engine operating point (30 kW of thermal power) was used 223 

because it involves greater recovery potential from the exhaust. 224 



𝑆𝑆𝑆𝑆𝑆𝑆 =
𝑓𝑓𝑓𝑓𝑓𝑓
𝑊̇𝑊𝑒𝑒𝑒𝑒𝑒𝑒

 
(23)  

𝑆𝑆𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑆𝑆𝑆𝑆𝑆𝑆 ∗ 𝑊̇𝑊𝑛𝑛𝑛𝑛𝑛𝑛 (24)  

𝐶𝐶𝑡𝑡 = �
𝑆𝑆𝑂𝑂𝑂𝑂𝑂𝑂 ∗ ℎ𝑟𝑟𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

𝜌𝜌𝑓𝑓
� ∗ 𝐶𝐶𝑓𝑓 

(25)  

Where 𝑓𝑓𝑐𝑐𝑐𝑐 is the fuel consumption in kg/h, 𝑊̇𝑊𝑒𝑒𝑒𝑒𝑒𝑒 is the engine power, 𝑆𝑆𝑆𝑆𝑆𝑆 is the 225 

specific fuel consumption, ℎ𝑟𝑟𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 is the number of operating hours of a vehicle in 226 

a year, 𝜌𝜌𝑓𝑓 is the density of the fuel and 𝐶𝐶𝑓𝑓 is the cost per liter of the fuel. 227 

Although several thermodynamic and economic parameters have been 228 

presented in the previous section, three objective functions have been 229 

considered in order to simplify the optimization of the system: SIC in €/kW, heat 230 

exchangers area (sum of Atot,b and Atot,c) in m2 and expander size (VC) in MJ/m3. 231 

The Specific Investment Cost has been chosen as a global parameter of the 232 

thermo-economic behavior of the system. The remainder economic parameters 233 

(NPV and PB) are characterized by high degree of uncertainty due to the 234 

estimation of the fuel price (𝐶𝐶𝑓𝑓) and the number of ORC operating hours during a 235 

year (ℎ𝑟𝑟𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦). Therefore, in order to know the influence of these parameters two 236 

parametric studies are presented after the optimization of the system. In addition 237 

to SIC, two more sizing parameters were chosen to take into account both the 238 

size of the heat exchangers and the expander.  239 

3.6. Assumptions 240 

The main assumptions in analyzing the ORC are as follows: 241 



• Pressure drop at the ethanol side is low comparing to the level of 242 

pressure in the system. Therefore, for this first approach they are 243 

neglected. 244 

• The system works under steady state conditions. 245 

• The heat source is exhaust gas at 678ºC, with mass flow rate of 48 g/s, 246 

corresponding to the 30 kW of thermal power in the boiler [15]. 247 

• The condenser is cooled with water at 50ºC, and a flow rate of 990 l/h. 248 

• The superheating temperature at the expander inlet is 35ºC. 249 

• The subcooling temperature after the condenser is 30 ºC. 250 

• Boiler is vertical heat exchanger type and the condenser is a vertical 251 

plate heat exchanger. 252 

• A discount rate of 4% and 10 years are fixed in the calculation of NPV 253 

and PB [26]. The cost of fuel is estimated to 1€/l.  254 

• Total number of hours of the ORC is estimated to 1100h a year (3 hour 255 

each day). 256 

• The model has been validated with experimental results in our ORC 257 

facility [15], and differences between model and experimental variables 258 

are lower than 5% [16]. 259 

4. Results 260 

The goal of this study is to optimize the cycle using both thermo-economic 261 

criterion (SIC) and sizing criteria (Boiler-Condenser area and VC). In order to 262 

analyze the behavior of these criteria in different conditions of the cycle, a 263 

sensibility analysis is presented varying the main parameters of the cycle, which 264 

are the evaporating pressure and superheating temperature. 265 



Fig 5 shows the net power, defined as the difference between expander and 266 

pump power in kW (Eq. 18) in grey scale, the SIC in €/kW (Eq. 20) in blue lines 267 

and Total costs in € (Sum of cost in Table 3) in red lines. 268 

 269 

Fig  5. Net power in kW (grey scale), SIC in €/kW (blue lines) and total cost in € (red lines) 270 

The isentropic efficiency of expander (Eq. 15) has an important effect on the level 271 

of pressure. When evaporation pressure is approx. 29 bar the expander works 272 

with an optimal expansion ratio and expander isentropic efficiency is maximum, 273 

consequently, maximum power is obtained from the cycle. Regarding 274 

superheating temperature, increasing its value produce higher enthalpy drop 275 

through the expander. Consequently, net power has a peak with evaporation 276 

pressure of approx. 29 bar and close to the superheating temperature of 60ºC. 277 

Maximum net power corresponds to 2.41 kW (in the same zone). Regarding Total 278 

costs, they increase with higher level of pressure and superheating temperature. 279 



Fig  6 shows the Total Cost, defined as the sum of costs of Table 3 in grey scale. 280 

Purple lines corresponds to the cost of the pump in €, blue ones to the cost of the 281 

evaporator in € and green ones to the cost of the condenser in €. 282 

 283 

Fig  6. Total cost in € (grey scale) of elements in the ORC, cost of the pump in € (purple lines), cost of the 284 
boiler in € (blue lines) and cost of the condenser in € (green lines) 285 

The cost of the pump is a function of the required power, therefore, considering 286 

constant mass flow values, it will increase with higher levels of pressure. The cost 287 

of the boiler increases with higher level of pressure and superheating 288 

temperature, however, the latter has further effect than the former as it can be 289 

seen in the direction of the lines with the same cost. The reason is that as 290 

pressure and superheating temperature increase, the pinch point temperature 291 

difference tends to decrease and therefore, to maintain this temperature 292 

difference, the heat transfer area in the boiler should increase. Regarding the 293 

condenser, it is similar to the boiler. However, in this particular case the expander 294 

isentropic efficiency has an effect on temperature at the inlet of the condenser. 295 



As a final consequence, SIC parameter is optimized in this particular case at 28 296 

bar and 60ºC of superheating temperature, with a cost of 2030 €/kW. 297 

Regarding sizing criterion, three parameters are presented in Fig  7, which are 298 

Boiler area in m2 (blue lines), the Volume Coefficient of the expander in MJ/m3 299 

(purple lines) and the condenser area in m2 (green lines). 300 

 301 

Fig  7. Net power in kW (grey scale), area of boiler in m2 (blue lines), expander size (VC) in MJ/ m3 (purple 302 
lines) and condenser in m2 (green lines) 303 

As previously stated, higher levels of pressure and temperature of the working 304 

fluid reduce the pinch point in the evaporator, increasing the heat exchange area 305 

in the boiler. The expander size (VC) increases slightly with superheating 306 

temperature with a similar trend to SIC. This parameter depends on the specific 307 

volume at the outlet of the expander and the work delivered by the expander. As 308 

the work delivered in the expander is strongly influenced by the expander 309 

isentropic efficiency, the optimal values for this parameter are close to the zone 310 



with maximum isentropic efficiencies. Higher superheating values implies higher 311 

volume flow rates at the outlet of the expander. Therefore, the result is a global 312 

increasing of the volume coefficient (VC) in the areas where the expander 313 

isentropic efficiency is minimum. Regarding the condenser, the area depends on 314 

the temperature at the outlet of the expander, which is a function of the expander 315 

isentropic efficiency. The tendency is similar to the boiler area behavior. 316 

Consequently, optimum volume coefficient is achieved at lower levels of 317 

superheating and pressures between 28 bar and 32 bar. 318 

5. Optimization of the ORC using a genetic algorithm 319 

The main parameters of the ORC have been changed using a multi-objective 320 

optimization algorithm in order to optimize the system from a thermo-economic 321 

and sizing point of view. In this study, VC, 𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡 (sum of Atot,b and Atot,c) and SIC 322 

are evaluated as objective functions as a function of the decision variables (Eq. 323 

26, 27 y 28).  324 

𝐴𝐴𝑡𝑡𝑜𝑜𝑡𝑡 = 𝑓𝑓(𝑃𝑃1,𝑃𝑃5, 𝑆𝑆𝑆𝑆, 𝑚̇𝑚𝑒𝑒𝑒𝑒,𝑇𝑇9) (26)  

𝑉𝑉𝑉𝑉 = 𝑓𝑓(𝑃𝑃1,𝑃𝑃5, 𝑆𝑆𝑆𝑆, 𝑚̇𝑚𝑒𝑒𝑒𝑒,𝑇𝑇9) (27)  

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑓𝑓(𝑃𝑃1,𝑃𝑃5, 𝑆𝑆𝑆𝑆, 𝑚̇𝑚𝑒𝑒𝑒𝑒,𝑇𝑇9) (28)  

Where 𝑃𝑃1 is the evaporation pressure, 𝑃𝑃5 is the condensation pressure, 𝑆𝑆𝑆𝑆 is the 325 

superheating temperature, 𝑚̇𝑚𝑒𝑒𝑒𝑒 is the ethanol mass flow and 𝑇𝑇9 is the temperature 326 

at the boiler outlet in the exhaust gas side (Fig  3). The multi-objective 327 

optimization problem of the ORC system is performed by using a GA in 328 

ModeFRONTIER. The parameters setting in the GA are shown in Table 4. 329 



Table 4. Parameters of GA 330 

Parameter Value 

Type of algorithm MOGA-II[27] 

Number of Generations 100 

Probability of Directional Cross-Over 0.5 

Probability of Selection 0.05 

Probability of Mutation 0.1 

 331 

Table 5 shows the upper and lower limits of the decision variables. These values 332 

correspond with technological limits of the ORC mock-up. Condensing pressure 333 

upper bound limit corresponds to safety valves value, evaporating pressure upper 334 

bound limit corresponds to the critical pressure of ethanol, superheating and 335 

ethanol mass flow are limited by the degradation and condensing temperature of 336 

ethanol and temperature at the outlet of the boiler in the EG side is limited to 337 

avoid condensation of water in the exhaust. Moreover, optimum values are far 338 

from these lower and upper bounds of the decision variables. 339 

 340 

 341 

 342 

 343 



Table 5. Limits of decision variables 344 

Decision variables Lower bound Upper bound 

Evaporation pressure (bar) 10 60 

Condensing pressure (bar) 2 4 

Superheating temperature (ºC) 0 50 

Ethanol mass flow (kg/s) 0.01 0.06 

Outlet temperature EG (ºC) 100 200 

 345 

Moreover, some restrictions were imposed to the GA: 346 

• Pinch point in the boiler and the condenser should be greater than 10 °C 347 

and 5 °C respectively [28]. 348 

• Temperature at the outlet of the boiler (T4 in Fig  4) should be lower than 349 

the ethanol degradation temperature. From our experience working with 350 

this fluid, it is approximately 250 °C. 351 

The aim of a multi-objective optimization problem using this Genetic Algorithm is 352 

to find the Pareto frontier optimal solution. Each point of the frontier represents 353 

one potential solution in the multi-objective optimization problem. Therefore, any 354 

point is better than another in the frontier, just the improvement of one of them 355 

involves worsening the others. The selection of the final optimum depends on the 356 

importance of each objective. Fig  8, Fig  9 and Fig  10 show the different views 357 

of the optimization. Fig  8 shows Atot vs SIC (VC in bubble color), Fig  9 shows Atot 358 



vs VC (SIC in bubble color) and Fig  10 shows VC vs SIC (Atot in bubble color). 359 

The optimum solution depend on the importance of each objective: 360 

• Considering SIC as the main objective, greater heat exchangers area will 361 

be required. Therefore, with an optimal value of SIC of 2264 €/kW, the 362 

heat exchangers area will be 0.67 m2 and the Volumetric Coefficient 3.26 363 

MJ/m3. This value has been plotted in Fig  8, Fig  9 and Fig  10 using a 364 

green circle (point C). 365 

• Considering sizing of the heat exchangers as the main objective, higher 366 

SIC will be obtained. Therefore, with an optimal value of area of 0.076 m2, 367 

the SIC will be 5475 €/kW and the Volumetric Coefficient 4.16 MJ/m3. This 368 

value has been plotted in Fig  8, Fig  9 and Fig  10 using an orange circle 369 

(point A). 370 

• Considering sizing of the expander as the main objective, higher SIC and 371 

heat exchangers area will be obtained. Therefore, with an optimal value of 372 

VC of 2.22 MJ/m3, the heat exchangers area will be 0.17 m2 and SIC 3581 373 

€/kW. This value has been plotted in Fig  8, Fig  9 and Fig  10 using a 374 

purple circle (point B). 375 

Therefore, in order to select a single-solution from the Pareto frontier, a 376 

methodology [29] was implemented in order to take into account the preferences 377 

of the Decision Maker. The Technical for Order Preference by Similarity to an 378 

Ideal Solution (TOPSIS) [30] is applied to select the final solution on the Pareto 379 

Frontier. This method considers the distances to both positive ideal solution and 380 

negative ideal solution. In this method, the weight factor is defined for each 381 

optimization parameter. Considering the weight factors as 0.5 for SIC, 0.3 for Atot 382 

and 0.2 for VC and the boundaries of this particular application (ORC coupled to 383 



a turbocharged engine), the result is optimized with values of 0.48 m2 (Atot), 2515 384 

€/kW (SIC) and 2.62 MJ/m3 (VC). The decision variables of this optimum were 47 385 

bar (evaporation pressure), 3.3 bar (condensing pressure), 9 ºC (superheating 386 

temperature), 0.028 kg/s (ethanol mass flow) and 100 ºC (outlet temperature). 387 

This value has been plotted in Fig  8, Fig  9 and Fig  10 using a red circle (point 388 

D). 389 

 390 
Fig  8. Optimization of Atot vs SIC 391 



 392 
Fig  9. Optimization of Atot vs VC 393 

 394 
Fig  10. Optimization of VC vs SIC 395 

Additionally, two parametric studies are present in order to compute the 396 

profitability of the project by means of the NPV and the PB. In order to compute 397 

the cash flows during the project, an estimation regarding fuel price and the 398 



number of hours should be made. As these factors present high level of 399 

uncertainty a parametric study is presented to take into account the variability of 400 

these parameters. 401 

The cost of fuel has been initially estimated to 1€/l. However, due to ongoing fuel 402 

price changes, this parameter fluctuates over time. Fig 11 shows the evolution of 403 

PB and NPV with fuel price. PB indicates the period of years before the ORC 404 

system can produce a net profit [31]. NPV is a long-term financial tool which helps 405 

an individual or firm decide whether to make an investment. The pressure and 406 

superheating temperature are fixed to optimum ones obtained from the previous 407 

analysis. 408 

Rising fuel prices from 0.6 to 2.4 €/l involve a reduction in the PB parameter from 409 

8 to 2 years and an increase of NPV from -300€ to 11000€.  410 

 411 

Fig 11. Evolution of Payback and NPV vs Fuel Price 412 



The number of hours of an ORC operating in a year is estimated to 1100 h, which 413 

is approximately 3 hour per day. However, due to differences between countries, 414 

cities and vehicle users regarding the average time spent on a vehicle, a 415 

parametric study is presented in Fig  12.  416 

Rising the number of hours per day from 0.5 h (182.5h per year) to 7.5 h (2737.5h 417 

per year) involves a reduction in the PB parameter from 18 to 2 years and an 418 

increase of NPV from -2500€ to 12500€. Therefore, both the fuel price and the 419 

number of hours running the ORC are critical parameters to consider in the 420 

payback estimation. This results in savings have a reasonable payback period 421 

[32] and lower risks comparing to other technologies [33]. 422 

 423 

Fig  12. Evolution of Payback and NPV vs the number of hours the ORC is used 424 



6. Conclusions 425 

This paper presents a mathematical model of a bottoming ORC coupled to a 2l 426 

turbocharged gasoline engine to optimize the cycle from three different 427 

perspectives. Thermo-economic and sizing criteria are taken into account in this 428 

analysis. 429 

The following results have been obtained: 430 

1. SIC parameter increases up to a maximum value for the level of pressure 431 

in which the expander isentropic efficiency is maximum and for higher level 432 

of superheating temperature. The maximum value of the expander 433 

isentropic efficiency is fixed by the built-in volumetric expansion ratio. 434 

Considering the studied cycle, net power has a peak in the level of 435 

pressure between 28-30 bar and a degree of superheating temperature of 436 

60ºC. Minimum value of SIC is approximately 2030 €/kW.  437 

2. VC and Atot are optimized at lower levels of superheating temperature and 438 

pressures between 28-32 bar. Higher levels of pressure and temperature 439 

of the working fluid reduce the pinch point in the evaporator, increasing the 440 

heat exchange area in the boiler. Regarding the expander, as the 441 

superheating temperature increases, the Volume Coefficient increases 442 

too. This parameter depends on the volumetric flow rate and the isentropic 443 

specific enthalpy drop through the expander. Higher superheating values 444 

imply higher levels of isentropic enthalpy drop and proportionally higher 445 

volume outlet flow rates across the expander.  446 

3. A methodology to optimize ORC coupled to WHR systems in vehicle 447 

applications is presented using a multi-objective optimization algorithm 448 



with thermo-economic and sizing criteria. These results show that the 449 

optimal solution depend on the importance of each objective to the final 450 

solution. Considering SIC as the main objective, greater heat exchangers 451 

area will be required. Considering sizing of the heat exchangers as the 452 

main objective, higher SIC will be obtained. Considering sizing of the 453 

expander (VC) as the main objective, higher SIC and heat exchanger 454 

areas will be obtained. Therefore, the Technique for Order Preference by 455 

Similarity to an Ideal Solution (TOPSIS) was implemented in order to take 456 

into account the preferences of the Decision Maker and select a single-457 

solution from the Pareto frontier. Considering the weight factors as 0.5 for 458 

SIC, 0.3 for Atot and 0.2 for VC and the boundaries of this particular 459 

application (an ORC coupled to a turbocharged engine in the 30 kW 460 

engine operating point), the result is optimized with values of 0.48 m2 (Atot), 461 

2515 €/kW (SIC) and 2.62 MJ/m3 (VC). 462 

4. Two parametric studies are present in order to compute the profitability of 463 

the project by means of the NPV and the PB. In order to compute the cash 464 

flows during the project, an estimation regarding fuel price and the number 465 

of hours is presented. As these factors present high level of uncertainty a 466 

parametric study is presented to take into account the variability of these 467 

parameters. Rising fuel prices from 0.6 to 2.4 €/l involve a reduction in the 468 

PB parameter from 8 to 2 years and an increase of NPV from -300 € to 469 

11000€. Rising the number of hours per day from 0.5 h (182.5h per year) 470 

to 7.5 h (2737.5h per year) involves a reduction in the PB parameter from 471 

18 to 2 years and an increase of NPV from -2500€ to 12500€. 472 
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