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1. PROBLEM APPROACH 

Today, the environmental impact of energy production and the different factors of higher fuel prices 

encourage the development of new ways of design more efficient, economic and ecological energy 

systems; It is therefore necessary to develop a system capable of using the waste gases of the combustion 

process, allowing to produce electricity from this system. 

The main objective of the project is to design a system for the use and recovery of residual heat from 

the ten engines present in the Termonorte plant, each with a capacity of 9.3 MW (H35/40G). The main 

disadvantage in the plant are the 4 heat recuperators which are only used to preheat the HFO, but not to 

produce energy, wasting a great opportunity to obtain backup electricity. This problem has occurred 

throughout the development of industries, therefore different systems have been created to recover 

waste heat such as the Steam Rankine Cycle and the Organic Rankine Cycle. 

 In order to achieve this objective, different alternatives that currently exist on a commercial basis to 

take advantage of the thermal energy of the waste combustion gases and transform it into electrical 

energy will be evaluated. After choosing the most viable alternative, a detailed design of the components 

of the waste heat recovery system will be carried out. 

2. OBJECTIVES 

2.1. GENERAL OBJECTIVE 

Designing a waste heat recovery system for obtaining electrical energy from Dual Fuel engines. 

2.2. SPECIFIC OBJECTIVE 

● Define technical specifications of work and technology to implement for a waste heat recovery 

system. 

● Performing a comparative analysis of waste heat recovery system alternatives. 

● Develop a conceptual design of the waste heat recovery system. 

● Develop a basic design of the different alternatives proposed for the waste heat recovery system. 

● Develop a detailed design of the components of the selected alternative for the waste heat 

recovery system. 

3. STATE OF ART 

Energy is an issue that has taken on a lot of force in the last few decades, its value is increasing during 

the time and there is a need of increased cost-effectiveness, so the ways to obtain it and reuse it have 

been studied. 

Also, because of the need to reduce greenhouse gas emissions, electrical power generation is changing 

around the world. There is a demand with unpredictable daily and seasonal variations, so there are great 

challenges about transmission and distribution [1].  



 
In order to meet this demand, technologies such as Electrical Energy Storage are being developed. In 

this area, there is a classification to define the areas in which engineering is working: mechanical, 

electrochemical, electrical, thermochemical, chemical and thermal [1]. However, according to Luo 

(2015), only three storage technologies are currently being mature and commercialized: Pumped 

Hydroelectric Storage (PHS), conventional Compressed Air Energy Storage (CAES) and conventional 

battery package.  A large number of systems is being studied and are in the development stage, while 

others still represents challenges for engineering. Because of this, energy storage is not always a viable 

option, given its restricted applicability.  

Another way to use transformed energy is through air preheating, which benefits combustion, resulting 

in greater efficiency for generation and less emissions. There are many cases in which the effect of 

preheating air has been studied, results show that thermal and chemical flame behavior strongly depends 

on the air preheat temperature [2]. Also, fuel temperature influences combustion, so one way to take 

advantage of the emission gases is to use them for preheating [3]. 

Likewise, a great deal of effort is directed towards the recovery of waste heat, given that it is already in 

use and of which there is less uncertainty regarding its results. Waste heat recovery can improve energy 

efficiency and provide distributed electricity generation. 

There are mainly two forms of waste heat recovery: heat to heat recovery and heat to electricity 

recovery. The first form is not usually adopted because is affected by storage and transmission distance. 

The second form has three forms: Steam Rankine Cycle, Organic Rankine Cycle and Steam-Organic 

Rankine Cycle [4]. 

The Steam Rankine Cycle (SRC) employs water and high-pressure steam as working fluid, due to the 

water source is rich because of its big latent heat of vaporization, high boiling point, large specific heat 

capacity, non-toxic and no polluting.  It is the most common technology in the heat to electricity 

recovery process [4]. The Rankine cycle is valuable because is the ideal cycle for steam power plants 

[5], that is why an application of this cycle can be helpful for industries. 

The Organic Rankine Cycle (ORC) is accepted as a viable technology to convert low temperature heat 

into electricity [6]. This technology consists of a traditional Rankine cycle, in which water is replaced 

by an organic fluid as working fluid. Another advantage of this technology is its little maintenance. The 

organic Rankine cycle has been widely applied to recover low grade waste heat from exhaust gas in the 

last few years [7], this system operates following an electric load mode. 

Heat is one of the residual forms of energy from various industrial processes, therefore it would be of 

great value for a thermoelectric company to take advantage of the heat of the combustion gases, 

producing backup electric energy for the plant.  

4. TECHNICAL REVIEW 

There is a considerable low number of manufacturers or designers of ORC systems around the world, 

for this reason few of these have a large number of units installed or even a total power obtained of 

large scale. The manufacturers that are most well-known in the industry are Ormat, Turboden, Exergy, 

General Electric and TAS, since they have ORC systems with more than 100 MW total generated, this 



 
information can be seen in the table 1 taken from [8], where is also shown a variety of manufacturers 

from organic Rankine cycles, along with the most important data obtained before 2017. Some of these 

manufacturers are worth to investigate and see the plants installed and operating, for that reason the 

main ones that were wrote before are going to be study now.     

4.1. ORMAT 

Ormat technologies is an enterprise from United States which delivers renewable power and energy 

solutions in 30 countries around the world. Clean and reliable energy solutions provided from 

geothermal, recovered energy, as well as energy management and storage solutions, is their 

commitment and focus. The Ormat Energy Converter uses a non-freezing, non-polluting organic 

working fluid selected to optimize power output for any heat stream. Thermal energy in the heat stream 

can either be captured directly or via heat transfer loop. One of the plants installed from USA is owned 

by Utah Associated Municipal Power Systems since 2016, the system has a capacity of 9 MW. In 

Goodsprings, USA, is installed a 7 MW recovery energy system owned by NV Energy, which generates, 

transmits and distributes electric service in northern and southern Nevada. In Gold Creek, Canada, since 

1999 is installed also a 7 MW system owned by Trans Canada Pipeline. These are some of the example 

of ORC cycles made by Ormat, there are plenty of them with large capacities like the ones shown before, 

and for this reason this enterprise is considered the leader of this kind of technology. [9] 

4.2. TURBODEN 

Turboden, a Mitsubishi Heavy Industries group company, is an Italian firm and a global leader in the 

design, manufacture and maintenance of Organic Rankine Cycle systems, highly suitable for distributed 

generation. Thanks to its long experience in the energy efficiency sector, today Turboden broaden its 

solution portfolio with gas expanders and large heat pumps to contribute to the worldwide efforts to 

mitigate global warming by creating reliable and clean energy systems. This company has 392 plants 

installed and 59 under construction, over 40 countries in the world, with a big range of capacities. They 

have two 7 MW power plants installed, one of them in Cremona, Italy operating since 2018, it is owned 

by the Arvedi Group, a steel industry. The other 7 MW plant is installed in Turkey, (where is also under 

construction a 7.3 MW plant) it operates in a cement production process owned by Cimko Narli Cement 

since 2019. Also, in Turkey exists a 6.2 MW plant operating since 2018, in a float glass production 

process which belongs to the enterprise Düzce Cam. There are also plants with a relative low power of 

50 Kw until the top ones with 7 MW like the mentioned before, with the customers being satisfied with 

the systems. [10] 

4.3. EXERGY 

Exergy is an enterprise interested in creating new solutions for unsatisfied market needs and with more 

than 20 years of experience in the Power Industry designing, producing and maintaining Organic 

Rankine Cycle (ORC) systems for electricity production from renewable energy (geothermal, biomass, 

solar) and waste heat resources from industrial processes, gas turbines and engines.  One of their clients 

is Danieli Environment, which is the division of Danieli specialized in the environmental protection. 

The final user is ABS Acciaierie, a steel mill plant located in the north of Italy, the ORC technology 

installed is applied to the electric arc furnace (EAF) and, by exploiting the hot waste gas generated by 



 
the steel mill it produces 1 MW. The ABS plant now produces electricity with zero extra emission 

saving 4.692 tons of CO2 and 1.499 tons of oil equivalent per year since 2014. Other plant installed by 

this enterprise is Area Impianti, is an Italian solution provider for flue gas treatment and heat recovery 

systems. The final end user is Sisecam, a Turkish company leader in glass production. The ORC system 

produces 5 MW since 2015, saving 20,000 tons of CO2 and 7,500 tons of oil equivalent per year.[11] 

4.4. KAISHAN 

Kaishan Compressor USA is an industrial manufacturer that produces compressed air equipment for a 

variety of industries, they manufacture rotary screw air compressors, vacuum pumps, portable air 

compressors, ORC power expanders, steam screw expanders and air treatment equipment. They 

produce and supply more than 60 regions and countries such as the United States, Germany, Korea, 

Africa, Australia and Japan. They have installed plants in steel mills, refineries, chemical plants, oil 

palm processing plants, low enthalpy geothermal energy sites, and facilities burning solid waste, among 

others. Some of the customers are Xebei Sun steel group with a 4,6 MW plant, Philippines palm oil 

plantation with 3,1 MW power, Dongya Steel with 2,7 MW and many others with a total of 100 MW 

including all the projects from this industry.[12] 

Table 1. List of ORC manufacturers with units and total capacity installed before 2017. Adopted from [8]. 

 

5. PATENTS REVIEW 

It is possible to find a huge number of patents for systems like Organic Rankine Cycle, for this reason, 

using some of the platforms for research, some of the most important patents will be listed now. 

5.1. HEAT UTILIZATION IN ORC SYSTEMS  

Abstract: Apparatus, systems and methods are provided for the improved use of waste heat recovery 

systems which utilize the organic Rankine cycle (ORC) to generate mechanical and/or electric power 

from heat sources generating power from biofuel such as biogas produced during the anaerobic 

digestion process. Waste heat energy obtained from heat source(s) is provided to one or more ORC 

system(s) which may be operatively coupled to electric generator(s). A heat coupling subsystem 

provides the requisite condensation of ORC working fluid by transferring heat from ORC working fluid 

to another process or system, such as anaerobic digester tank(s), to provide heat energy that enhances 

https://kaishanusa.com/products/rotary-air-compressors/
https://kaishanusa.com/products/vacuum-pumps/


 
the production of fuel for the prime mover(s) without requiring the consumption of additional energy 

for that purpose.[13] 

In the article of this patent could be find, as the abstract says, some methods, systems and apparatus 

which can be useful for multiple cases of waste heat recovery, there are some alternatives that are worth 

to review and it also includes a basic sketch for the generally used ORC systems.  

 

Figure 1. One typical prior art ORC system for electric power generation. Adopted from [13] 

5.2. WORKING FLUID FOR AN ORC PROCESS AND ORC APPARATUS 

Abstract: Use of working fluids for energy conversion in a thermal Organic Rankine Cycle (ORC) 

process for combined generation of electrical and heat energy. The heat source used in the ORC process 

is in particular thermal water. The working fluids used in the ORC process are partially or perfluorinated 

hydrocarbons and/or partially or perfluorinated polyethers and/or partially or perfluorinated ketones. In 

some embodiments, the working fluid used is a combination of 1,1,1,3,3-pentafluorobutane and a 

fluorinated polyether having a molecular weight of 340 and a boiling point of 57° C. at 101.3 kPa, or a 

combination of 1,1,1,3,3-pentafluorobutane and at least one partially or perfluorinated ketone. [14] 



 

 

Figure 2. Sketch of apparatus according to the invention. Adopted from [14] 

This patent besides describing a basic ORC system, includes a study of the different working fluids that 

can be used in the systems, this is an important topic since there are many options to use according to 

every specific case, the document takes into account the temperature of the fluids, which is also 

necessary to check and others factors in detail. 

6. NORMS REVIEW 

It is necessary to take into account some of the norms and standards given for security, quality, risks, 

designs, etc., in engineering that are related to the problem to solve. Some basic regulations founded 

are presented: 

● ISO 45001 Occupational health and safety management systems: specifies the requirements for 

an occupational health and safety management system (OH&S) and provides guidance on its 

use to enable organizations to provide safe and healthy jobs, prevent accidents at work and 

health problems, and proactively improve OSH. 

● ASTM D6743: Standard Test Method for Thermal Stability of Organic Heat Transfer Fluids: 

this test method differentiates the relative stability of organic heat transfer fluids at elevated 

temperatures in the absence of oxygen and water under the conditions of the test. This test 

method covers the determination of the thermal stability of unused organic heat transfer fluids. 

The procedure is applicable to fluids used for the transfer of heat at temperatures both above 

and below their boiling point. 

● ISO 3046-1 specifies the requirements for the declaration of power, fuel consumption, 

lubricating oil consumption and the test method. It defines codes for engine brake power in 

accordance with ISO 15550, in order, where necessary, to simplify the application of the 

statements of power and to facilitate communication.  

● ISO/TS 29001:2010 defines the quality management system for product and service supply 

organizations for the petroleum, petrochemical and natural gas industries.  

● ASTM A106 seamless pressure pipe (also known as ASME SA106 pipe) is commonly used 

in the construction of oil and gas refineries, power plants, petrochemical plants, boilers, and 
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ships where the piping must transport fluids and gases that exhibit higher temperatures and 

pressure levels. 

7. MARKET STUDY 

The main energy sources which are used in the world are oil, natural gas, hydroelectric energy, coal, 

nuclear energy and renewable energy. Although the oil is the energy source most used in the world, the 

natural gas is a source which its use is in an accelerated growth in comparison to the world’s increase 

energy consumption.  

In Colombia, as in the world, oil is the most used source, continue of the natural gas, which presents an 

increasing tendency. Due to this, the generation of energy with the last one is very common. However, 

due to operation conditions, there are industries that generates with dual fuel engines, using fuels as 

diesel, gas and heavy fuel oil. Some companies that generate with this type of fuels are: 

● Termonorte 

Termonorte factory is located on a tree trunk the Caribbean Sea is 7.2 km from Santa Marta. 

The plant has the capacity to generate with natural gas, No. 6 fuel oil and No. 2 diesel. Company 

started its operation in 2018 and has a capable net power generation is 93 MW, enough to 

produce 760 MWh per year.  The contractor which operates with Termonorte is Hyundai Heavy 

Industries and operates in the modality of reliability charge. 

● Termoemcali 

Termoemcali factory is located in Palmira - Valle del Cauca. It is a generation plant with dual 

engines which is in the capacity of generate with diesel fuel No. 2 and natural gas in a 

configuration of combined cycle. The plant started its operation in 1994 and has a capable net 

power generation is 213 MW. 

● Termovalle 

Termovalle is located in Palmira - Valle del Cauca (6 km from Yumbo). Its generation plant 

works with dual fuel engines which works with natural gas as principal fuel and diesel No. 2 as 

alternate fuel.  The plant started its operation in 1998 working as combined cycle for support 

the electrical infrastructure and reduce the dependence on hydroelectric  power. The net power 

generation of the plant is 200 MW. 

● Termosierra 

This factory is located in Puerto Nare - Antioquia. The plant works with dual fuel engine using 

heavy fuel oil and natural gas. It is the most efficient thermal power plant in Colombia, the 

plant has a combined cycle.  The plant is able to generate 460 MW (294 MW working in simple 

cycle and 166 MW working in a combined cycle). The operation started in 1998 (simple cycle) 

and started to use combined cycle in 2001. Also, the plant is able to generate using natural gas 

and diesel fuel. 



 
8. LIST OF SPECIFICATIONS AND REQUIREMENTS 

QFD is essentially used in this project for: 

• Identify customer needs and expectations to produce electrical energy 

• Prioritize expectations based on the alternatives of waste heat recovery system. 

Table 2. Quality Fundamentals Design for the Organic Rankine Cycle. 

 

As can be seen in Figure 3 the project specifications must be directed at the energy that the system is 

capable of generating and the heat that is recovered from the flue gas. In addition, it is important for 

companies to control the life span and time between maintenance to make it a competitive alternative. 

The main goal of this paper is to show how to improve the global thermal efficiency of a plant, by 

recovering the waste heat from the process. The expectations are an increase in approximately 12% of 

global efficiency, which in terms of profit will suppose a huge amount of money. Also corroborate the 

positive effect of an ORC system sited on a power plant and compare it with no ORC at all, as well as 

the different possible placements.   

9. ENGINEERING SPECIFICATIONS 

9.1. REQUIREMENTS 

In the following table, the most relevant specifications in the operation of engine Hyundai 

H35 are registered. 
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Table 3. Engine specifications. 

 

According to historical data (taken from XM website), there are two load conditions that are operated 

most of the time, which are 27 MW and 72 MW. Parameters were determined, based on these 

conditions, to calculate the available power when engines are in operation. 

Table 4. Historical data of Termonorte plant. 

 



 

 

Figure 3. Historical percentage of operation time. 

9.2. LIST OF SPECIFICATIONS AND REQUIREMENTS. 

According to the expected performance of the project, a list of requirements that the system must have 

were established. 



 

 

  

 



 
10. CONCEPTUAL DESIGN 

10.1. SANKEY DIAGRAM 

In order to know how viable is to implement a heat recovery system, a Sankey diagram was 

developed.  The values referring to the energy consumption in the engine are given by the 

technical sheet so, when comparing with the total delivered, the percentages corresponding to 

each of the components can be obtained, obtaining the results shown in Table 4. Due to the 

system to design will operate for engines at total load, the values were taken at total load 

operation (480 kW/cyl at 720 rpm).  

Table 5. Energy consumption of Hyundai 20H35/40GV engine. 

 

Based on the presented data, it is possible to construct the Sankey diagram, clearly showing the 

percentage of energy consumption corresponding to each component (Fig. 5). With the obtained 

values, it is possible to state that the motor in question has a high efficiency, since all the 

mentioned percentages of energy losses are below those suggested by the literature. Since the 

motor has low energy loss in the jacket, it would expect the heat transfer factor in this 

component to be low. However, the energy loss through the air does represent a value to be 

taken into account, which indicates that a large airflow is entering the engine. Because of this 

and because the heat transfer area is very large, due to the size of the motor, it can be considered 

relatively cold, so it is not necessary to use large amounts of energy in the jacket. In addition, 

having a low rotation speed (720 rpm), the heat transfer factor would also be low, since it 

depends on the speed, since it is related to the Reynolds number. 



 

 

Figure 4. Sankey Diagram for Hyundai 20H35/40GV engine. 

10.2. BLACK BOX 

 

Figure 5. Black box 



 
10.3. TRANSPARENT BOX 

 

Figure 6. Transparent box. 

 



 
10.4. Functional analysis  

 

Figure 7. Functional analysis. 

11. ALTERNATIVES GENERATION 

The final objective of the project is to design a waste heat recovery system for a dual fuel engine; 

however, it is not recommended to design such system for only one engine. Thus, the idea is to explore 

all the alternatives to design an organic Rankine cycle able to work in an efficient and profitable way. 

Also, according to ORC manufacturers (Turboden) the best way to recover heat from the flue gases is 

using a heat exchanger with thermal oil, which will evaporate the working fluid of the cycle. Taking 

this into consideration some alternatives have been made: 1) simple ORC (SORC) for 6 engines 2) ORC 

with internal recovery unit (RORC) for 6 engines 3) ORC with double pressure configuration (DORC) 

for 6 engines 

11.1.  ALTERNATIVE 1 

The first alternative to consider is a simple ORC, all the alternatives have the heat exchanger working 

with thermal oil and exhaust gases as a component, so besides this the alternative counts with the basic 

devices of the cycle, such as evaporator, turbine, condenser and pump. Basically, in this process, after 

the exhaust gases are expanded in the turbine of the turbocharger, the heat is transferred to the thermal 

oil thanks to the heat exchanger, after that the flue gases go to atmosphere. The working fluid of the 

ORC is evaporated to be expanded at the turbine, then the fluid is cooled down and condensed in the 

condenser unit, to finally be pumped and sent back to the evaporator unit. The process previously 



 
described could be also seen in the figure 5 below, where is also shown a basic scheme for the engine 

with the turbocharger. 

 

Figure 8. Simple ORC structure. Adopted from [15]. 

11.2.  ALTERNATIVE 2 

The second alternative is pretty much the same as the previous one, the main difference is that it has an 

internal heat recovery configuration, the idea is to use the working fluid at the outlet of the turbine to 

preheat the fluid in the pump outlet, so the working fluid before enters the evaporator has more thermal 

energy, this device addition could improve the conversion efficiency of the ORC, thus, the operational 

costs could be lower than a simple ORC. Figure 6 shows the details of this alternative. 

 

Figure 9. RORC structure. Adopted from [15]. 



 
11.3.  ALTERNATIVE 3 

The last alternative is the double pressure ORC configuration, this is the most complicated configuration 

out of the three alternatives, it is due to the use of two evaporation units, two pumps, two turbines and 

one condenser. In first place, in the exhaust gases heat exchanger, the thermal oil is introduced in a 

high-pressure evaporator which transfers heat to the high-pressure working fluid of the ORC, this same 

process occurs in a mid-pressure evaporator with the thermal oil at the outlet of the previous one. The 

high-pressure working fluid is introduced in a high-pressure turbine, after the fluid is expanded it is 

mixed with the mid pressure fluid, this mix is now expanded in the next turbine stage, reaching the 

lowest pressure before it enters the condenser. The fluid is then pumped before it splits into the high 

and mid pressure where it gets to its correspondent evaporation unit. [15] The whole cycle of this 

alternative is shown the figure 7, where is easier to differentiate each stream path. This alternative is 

worth to consider since it can decrease the thermal load dissipated to the environment. 

 

Figure 10. DORC structure. Adopted from [15]. 

ANALYSIS AND SELECTION OF ALTERNATIVES  

Each of the alternatives shown before has some benefits and disadvantage that are key to choose the 

better option, not only by taking into account the costs but also the performance over time. In the article 

[15] and [16] have been considered the economical, energy and exergy aspects of the three cycle with 

its variations. Based on those results that will be shown next, will be choose the alternative to design in 

detail in the present project. The simulations of the article mentioned before are done with a 2 MW 

natural gas engine, Jenbacher JMS 612 GS-N, which is considerable smaller than the engines from this 

project but are useful to show performance of the alternatives. 

12.1. OPERATIONAL COST 

One of the aspects to consider into the selection for the cycle is the operational cost, this is related to 

the maintenance and performance of the devices,  operational costs could either increase or decrease 

the price of the kwh, which is one of the ways to measure the profit of the cycle, since the energy 

generated by the ORC will be used to either provide the electrical grid or into power plant uses. In the 



 
table 4 are displayed the parameters of efficiencies and also BSFC for the three alternatives, these 

numbers allow to rate each option taking into consideration the performance of them. The main 

parameters that will be evaluated, for practical purpose, are the thermal efficiency ORC and the BSFC 

engine-ORC, in first place, the simple ORC has an efficiency of 16,4% and a BSFC of 169,5 g/kwh, 

that is a bit lower than the specific fuel consumption of the engine (177,65g/kwh). The ORC with 

internal recuperator has an efficiency of 23,51% and a BSFC 166,21 g/kwh and finally the double 

pressure ORC has 18,74% and 168,42 g/kwh for these same parameters. Comparing these results is 

clear that the RORC system is best one out of the three, followed by the DORC and in the last spot the 

SORC, thus, the alternative with the lowest operational cost is the second. 

Table 6. Parameters of the different ORC arrangements. Adopted from [15]. 

 

 

12.2. INVESTMENT COST 

The capital or initial cost for the project is also a really important aspect to consider, this cost usually 

depends on the amount of components that are part of the whole cycle, it also depends on how 

sophisticated are those devices, in this case between the alternatives there is no much difference in the 

components, just the quantity of those and the regimen at they work. In [16] are indicated costs of 

destruction of exergy, exergy loss costs and costs per unit of exergy, however, the products costs are 

the ones that will be focused, these costs include also piping and accessories, instrumentation and 

control, electrical equipment and some other miscellaneous. The table 5 shows the costs in USD/GJ for 

each component, where Cf and Cp are the fuels and products costs respectively, the ITC components 

are the heat exchangers, B are the pumps, T are the turbines and RC are the recuperators, in the figures 

4,5 and 6 could be seen each of these components along with the correspondent number. The SORC 

alternative has a total cost of 1995,69 USD/GJ summing all the 6 components, the second alternative 

RORC has 1268,46 USD/GJ with 7 components and finally DORC has a cost of 1249,66 USD/GJ with 

9 components. Thus, the most favorable alternative according to investment cost is the DORC, while 

the least favorable is the SORC. 



 
Table 7. Costs of the fuels and products for different ORC configuration. Adopted from [16]. 

 

12.3. LIFETIME AND SIZE 

One of the  last standards to evaluate in the three alternatives is the lifetime, in every project is necessary 

to know how long can the equipment last in good conditions, for this case is difficult to indicate which 

one of the alternatives has more life span since all the options are pretty similar and only varies some 

parameters like pressure or temperature slightly. One factor that dictates the lifetime of this type of 

devices is the corrosion, which can be caused, among other factors, by the steam, since none of these 

alternatives works with this fluid the lifetime of those will be probably long enough. According to what 

was said before, the difference between the lifetime of the alternatives is going to be considered 

negligible here. Another important criterion is the size of the alternatives, the space designated in the 

power plant for the ORC and its heat recuperator is really reduced. Having this in consideration, the 

alternative with a smaller number of components is the SORC, followed by RORC and DORC with 

most number, consequently the best out of the three alternatives is SORC for this criterion.   

12.4. SELECTION OF ALTERNATIVES 

As shown in table 6, a proper way to finally choose the best alternative is doing an evaluation matrix, 

in this case the criteria with the highest weight is the operational cost, second is the investment cost and 

the last one is the lifetime and size. The score was set from 1 to 5, being 1 the worst grade and 5 the 

best. The result was the alternative 2 (SORC) as the chosen one due to all the benefits described before.  

Table 8. Multi-Criteria evaluation matrix for ORC system. 

 



 
12. ORC UNIT SELECTION 

Thanks to the historical data of operation of the power plant, it is possible to see that a high percentage 

of the time (23,2%) the plant produces 72 MWe, thus, this is the case chosen to do the following 

calculations. 8 engines working at full load are required to complete the job, however, only 4 of those 

are able to be used in the ORC unit. Taking the flue gases from each of the engines to a single heat 

recuperator and ORC unit, the maximum thermal potential is around 10 MWt, with this number as 

reference the unit will be selected from the figure 7 is the TD18 HR, which has a nominal thermal input 

of 8,7 MWt. 

Figure 8 shows an ORC unit, which has the following devices: turbine-generator, condenser, electronic 

control system, evaporator and refrigerant pump. This model only has an electrical power output of 280 

KW, which is about six times lower than the output of the unit chosen, however it shows how a regular 

unit is and also how compactable it can be. Since the power plant where it is going to be installed has a 

really limited space, this feature really has to be taken into account. 

Table 9. List of typical ORC Turboden units. Adopted from [17]. 

  



 

 

Figure 11. ORC unit scheme. Adopted from [17] 

Table 10. ORC TD18 HR parameters. 

 

13. HEAT RECOVERY UNIT DESIGN  

One restriction the heat recuperator has is a very low allowable exhaust gas back pressure (30 mbar), 

which is the required pressure drop for the heat exchanger. This restraint makes the selection of the heat 

exchanger really difficult, since the previously mentioned specification is very demanding. That is why 

this project will be focused now on in the complete design of this device which will operate in the 

requested conditions.  Once the ORC unit selection is done, the needed parameters to begin the 

calculations of the design of the heat exchanger are set. This heat exchanger transfers the heat from the 

exhaust gases to the thermal oil used in the ORC to heat the working fluid. The thermal oil inlet and 

outlet temperature are respectively 150/280 °C as shown in the table 7, along with some of the other 

initial parameters. 

Table 11. Operation parameters for heat exchanger. 

 



 
Table 12. Principal Features of Several Types of Heat Exchangers. Adopted form [18]. 

 

In different ORC applications around the world, different types of refrigerants have been used as 

working fluids for the heat exchanger, among them the most used is R245fa and therefore it will be 

used as working fluid within the simulation. For this reason, the main properties of this are listed in 

Table 10. 

Table 13. Thermos-physical properties of R245fa. Adopted from [19]. 

 

Note: The meaning of the acronyms ODP and GWP listed in Table 8 is as follows: 

ODP (Ozone Depletion Potential): Indicates the damage that a substance can cause to the ozone layer, 

it is measured between 0 and 1. 

GWP (Global Warming Potential): It shows the effect of greenhouse gases contributing to global 

warming per unit mass. 

In figure 9 taken from [19] the T-S diagram of an ORC using R245fa can be seen. This is a first 

approximation for the heat exchanger calculations taking properties and temperatures as reference. 

It is important to note that the data used in [18] differs greatly from the actual operating data of the 

operation however the cycle operation is the same but with other temperature values, flows, etc. 



 
 

 

Figure 12. T-S diagram of the organic Rankine cycle system. Adopted from [18]. 

14.1. PRESSURE DROP 

Fluids need to be pumped through the heat exchanger, so is important to determine the fluid pumping 

power, which is proportional to the pressure drop (associated with fluid friction and other contributions) 

in the heat exchanger. Also, if the saturation temperature change for a phase change of the fluid, the 

heat transfer ratio can be affected. 

Pumping power is determined as: 

𝑃𝑃 =
�̇�∆𝑝

ᶯ𝑝
             (Equation 1) 

Where 𝑃𝑃is the pumping power, �̇� is the volumetric flow, ∆𝑝 is the frictional pressure drop and ᶯ𝑝 is 

the pump-fan efficiency. 

Also, equation 6.1 can be rewritten as: 

𝑃𝑝 =
�̇�∆𝑝

𝜌ᶯ𝑝
        (Equation 2)             

Where �̇� is the mass flow and 𝜌 is the density. 

If the following relationships are introduced in eq. 2, an expression for pumping power could be found. 



 

�̇� = 𝜌𝑢𝑚𝐴𝑜                          ∆𝑝 ≈ 𝑓
4𝐿

𝐷ℎ

𝜌𝑢𝑚
2

2𝑔𝑐
                      𝑅𝑒 =

𝜌𝑢𝑚𝐷ℎ

𝜇
 

Where 𝑢𝑚 is the mean velocity, 𝐴𝑜 is the minimum free flow area, 𝑓 is the Fanning friction factor, 𝐷ℎ 

is the hydraulic diameter, 𝑔𝑐 is the proportionality constant in Newton’s second law, 𝑅𝑒 is the Reynolds 

number and 𝜇 is referred to the viscosity.  

𝑃𝑝 =
1

2𝑔𝑐ᶯ𝑝

𝜇

𝜌2

4𝐿

𝐷ℎ

�̇�2

𝐷ℎ𝐴0
(𝑓 ∙ 𝑅𝑒)    for fully developed laminar flow            (Equation 2a) 

𝑃𝑝 =
0.046

2𝑔𝑐ᶯ𝑝

𝜇0.2

𝜌2

4𝐿

𝐷ℎ

�̇�2.8

𝐴0
1.8𝐷ℎ

0.2         for fully developed turbulent flow         (Equation 3b)   

Also, 𝑓 = 0.046𝑅𝑒−0.2 was used for eq. 3b.                    

As mentioned, the biggest restriction for the design is the pressure drop. If pressure drop exceeds 

30mbar, the engine will shut down (because it is a manufacturer restriction), so the system cannot go 

into operation. Pressure drop is related with heat transfer, operation, size and economics factors. 

For a heat exchanger, the pressure drop is associated with two mean contributions: pressure drop 

associated to the core or matrix and pressure drop associated with fluid distribution. Some assumptions 

developed by Shah [20] are considered for the analysis of pressure drop. 

- Steady and isothermal flow. Fluid properties are independent of time. 

- Fluid density only depends on the local temperature. 

- The pressure at a point in the fluid is independent of direction or is assumed as the average of 

normal stresses at the point. 

- Body forces are caused only for gravity. 

- If flow is not irrotational, Bernoulli’s equation is valid only along a streamline. 

- No energy sinks or sources along a streamline. 

- The friction factor is constant in all the length. 

Initially, a plate heat exchanger was considered for the design. However, when the simulations were 

made in Aspen HYSYS, the area of this heat exchanger was very large, which would be a problem 

due to space restriction at the installation site. That is why a design for a shell and tube heat 

exchanger was contemplated.  

To know the factors that affect the pressure drop in a shell and tube exchanger, it is necessary to 

analyses the tube side and shell side separates. First, for the tube side, pressure drop is determined 

in a similar way that in a plate fin heat exchanger. 

Figure 9 shows one flow passage in a plate-fin heat exchanger with fluid flow and static pressure 

distribution along the flow path. As observed in figure 9, the total pressure drop on one side of the 

exchanger is 

∆𝑝 = ∆𝑝1−2 + ∆𝑝2−3 + ∆𝑝3−4                (Equation 4)                                 

Where 1, 2, 3, and 4 represent locations far upstream, passage entrance, passage exit, and far 

downstream, respectively. The pressure drop at the core entrance due to the sudden contraction is 

called ∆𝑝1−2, the pressure drop within the core is ∆𝑝2−3 and the pressure rise at the core exit is 

called ∆𝑝3−4.  



 
The core pressure drop usually is the largest contribution (about 90%) and the other contributions  

 

Figure 13. Pressure drop components associated with one passage of a heat exchanger. Adopted from [20].  

are neglected. However, due to the pressure drop in the heat exchanger to design is low, all 

contributions will be evaluated. The core pressure drop have two contributions: the pressure loss 

because of fluid friction and the pressure change due to the momentum rate change. The influences 

of internal contractions and expansions is lumped into the core friction loss term. If a differential 

element of flow length 𝑑𝑥 is considered and the Newton’s second law is applied and simplifying 

the equation obtained, we have an expression for 
𝑑𝑝

𝑑𝑥
 

−
𝑑𝑝

𝑑𝑥
=

𝐺2

𝑔𝑐

𝑑

𝑑𝑥
(

1

𝜌
) + 𝜏𝑤

�̂�

𝐴0
            (Equation 4)                

Where 𝐺 is the core mass velocity (𝐺 = 𝜌𝑢 =
�̇�

𝐴0
), �̂� is the wetted perimeter of the fluid flow and 

𝜏𝑤 is the effective wall stress (due to skin friction, form drag and internal contractions and 

expansions).  

Also, hydraulic radius (𝑟ℎ) and the Fanning friction factor could be included in eq. 5 by replacing 

the following expressions: 

𝑟ℎ =
𝐴0

�̂�
                                                      (Equation 5) 

𝑓 =
𝜏𝑤

𝜌𝑢𝑚
2

2𝑔𝑐

=
2𝜏𝑤𝑔𝑐𝜌

𝐺2                                   (Equation 6)              

When the obtained expression is integrated from 𝑥 = 0 to 𝑥 = 𝐿, an expression for the core pressure 

drop is obtained. 



 

∆𝑝2−3 =
𝐺2

2𝑔𝑐𝜌𝑖
[2 (

𝜌𝑖

𝜌0
− 1) + 𝑓

𝐿

𝑟ℎ
𝜌𝑖 (

1

𝜌
)

𝑚
]         (Equation 7)    

Where 𝜌𝑖 is the fluid density at 𝑥 = 0 (𝑝2), 𝜌0 is the fluid density at 𝑥 = 𝐿 (𝑝3) and (
1

𝜌
)

𝑚
 is the 

mean specific volume with respect to the flow length 

(
1

𝜌
)

𝑚
=

1

𝐿
∫

𝑑𝑥

𝜌

𝐿

0
                                                  (Equation 8)                      

For a liquid with any flow arrangement and for a gas with any flow arrangement, except parallel 

flow, and 𝛿𝑇1 = 𝛿𝑇2 (𝐶∗ = 1), eq. 9 can be expressed as 

(
1

𝜌
)

𝑚
=

𝑣𝑖+𝑣0

2
=

1

2
(

1

𝜌𝑖
+

1

𝜌0
)                            (Equation 9)  

The core entrance pressure drop have two contributions: the pressure drop due to the area change 

(increase) and the pressure loss associated with free expansion after sudden contraction. The fluid 

is treated as incompressible, so pressure drop at the core entrance due to the area change is given 

by Bernoulli’s equation. In addition, continuity equation could be replaced in Bernoulli’s, 𝜎 could 

be introduced as the ratio of core minimum free flow area to frontal area and 𝐺 could be introduced 

as the core mass velocity. A expression for the pressure drop at the core entrance due to area change 

is obtained (eq. 13): 

𝜎 =
𝐴0,2

𝐴0,1
=

𝐴0,3

𝐴0,4
                                           (Equation 10)               

𝐺 = 𝜌𝑖𝑢2 =
�̇�

𝐴0,2
                                       (Equation 11)        

∆𝑝1−2∗ =
𝐺2

2𝑔𝑐𝜌𝑖
(1 − 𝜎2)                       (Equation 12)          

Where 𝜌𝑖 = 𝜌1 = 𝜌2 and 𝑝2
∗ is the static pressure at section 2 in figure 9. 

For the estimation of pressure drop due to losses associated with free expansion after sudden 

contraction, is necessary to include a contraction loss coefficient 𝐾𝑐 and the dynamic velocity head 

at the core. 𝐾𝑐 is used for two contributions: irreversible expansion after the vena contracta and the 

momentum change rate due to a velocity profile downstream of the vena contracta, 

∆𝑝𝑙𝑜𝑠𝑠 = 𝐾𝑐
𝜌𝑖𝑢2

2

2𝑔𝑐
                               (Equation 13)            

Replacing eq. 12 into eq. 14, it is obtained 

∆𝑝𝑙𝑜𝑠𝑠 = 𝐾𝑐
𝐺2

2𝑔𝑐𝜌𝑖
                           (Equation 14) 

Then, the total pressure drop at the core entrance is the sum of both contribution (eq. 13 and eq. 15) 

∆𝑝1−2 = ∆𝑝1−2∗ + ∆𝑝𝑙𝑜𝑠𝑠 =
𝐺2

2𝑔𝑐𝜌𝑖
(𝐾𝑐 + 1 − 𝜎2)      (Equation 15)          



 
The pressure drop at core exit have two contributions: the pressure due to deceleration related to 

the area change (decrease) and the pressure loss associated with free expansion and momentum rate 

change after an abrupt expansion. The fluid is considered incompressible (𝜌0 = 𝜌3 = 𝜌4). As the 

physic phenomena is the same that in the entrance, the analysis and the equations are similar to 

obtained for this section.  

∆𝑝𝑟𝑖𝑠𝑒 =
𝐺2

2𝑔𝑐𝜌0
(1 − 𝜎2)                                 (Equation 16)         

∆𝑝𝑙𝑜𝑠𝑠 = 𝐾𝑒
𝜌3𝑢3

2

2𝑔𝑐
                                         (Equation 17)      

∆𝑝𝑙𝑜𝑠𝑠 = 𝐾𝑒
𝐺2

2𝑔𝑐𝜌0
                                        (Equation 18)      

𝐾𝑒 is based on dynamic velocity rate and is a function of the expansion ratio, the Reynolds number 

and the cross-sectional geometry. The exit loss coefficient (𝐾𝑐) is used for two contributions: 

pressure loss due to irreversible expansion at the exit and pressure rise due to momentum change 

rate due to a velocity profile (partially or fully developed) downstream at section 4. 

∆𝑝3−4 = ∆𝑝𝑟𝑖𝑠𝑒 + ∆𝑝𝑙𝑜𝑠𝑠 =
𝐺2

2𝑔𝑐𝜌𝑜
(1 − 𝜎2 − 𝐾𝑒)                                                           (Equation 19) 

The total pressure drop, as mentioned in eq. 4, is the sum of all contributions (core entrance, core 

and core exit). From eqs. (8), (16) and (20), the total pressure drop is obtained as: 

∆𝑝 =
𝐺2

2𝑔𝑐𝜌𝑖
[(𝐾𝑐 + 1 − 𝜎2) + 2 (

𝜌𝑖

𝜌0
− 1) + 𝑓

𝐿

𝑟ℎ
𝜌𝑖 (

1

𝜌
)

𝑚
+

𝜌𝑖

𝜌0
(1 − 𝜎2 − 𝐾𝑒)]   (Equation 20) 

In eq. 21, the term (𝐾𝑐 + 1 − 𝜎2) represents the entrance effect, the term [2 (
𝜌𝑖

𝜌0
− 1)] represents 

the momentum effect, the term [𝑓
𝐿

𝑟ℎ
𝜌𝑖 (

1

𝜌
)

𝑚
] represents the core friction and the term 

[
𝜌𝑖

𝜌0
(1 − 𝜎2 − 𝐾𝑒)] represents the exit effect. As mentioned, the pressure drop for a shell and tube 

exchanger on the tube side is described by eq. 21. The graphic for estimate the values of 𝐾𝑐 and 𝐾𝑒 

are registered in figure 10. 

For the shell side, the pressure drop estimation must be careful due to the presence of bypass, 

leakage and crossflow streams. That is why the pressure drop will be evaluated for an ideal 

crossflow and an ideal window section, then, corrections factors due to bypass and leakage will be 

applied. The total pressure drop is then the sum of the pressure drops for each window section and 

each crossflow section [21]. The sell-side pressure drop has three components: pressure drop in the 

central section, pressure drop in the window area and pressure drop in shell entrance and exit. 

Empirical correlations will be used to evaluate the pressure drop in the shell. In an ideal crossflow 

section between two baffles, the pressure drop associated with liquid flow is 

∆𝑝𝑏,𝑖𝑑 = 𝐸𝑢
𝐺𝑐

2

2𝑔𝑐𝜌𝑠
𝑁𝑟,𝑐𝑐 (

𝜇𝑤

𝜇𝑚
)

0.25
                                                                    (Equation 21a)   



 
Where 𝐸𝑢 is the average Euler number per tube row (eq. 23), 𝐺𝑐 is the crossflow mass velocity, 

𝑁𝑟,𝑐𝑐 is the is the amount of effective pipe rows crossed during flow through a cross flow section, 

𝜇𝑤 is the liquid viscosity evaluated at wall temperature and 𝜇𝑚 is the liquid viscosity evaluated at 

mean temperature. 

∆𝑝𝑏,𝑖𝑑 =
4𝑓𝑖𝑑𝐺𝑐

2

2𝑔𝑐𝜌𝑠
𝑁𝑟,𝑐𝑐 (

𝑇𝑤

𝑇𝑚
)

𝑚
                                                        (Equation 22b)    

Also, introducing Hagen number (𝐻𝑔 = 32𝑅𝑒) in eq. 24, we obtain an expression to use. 

∆𝑝𝑏,𝑖𝑑 =
𝜇2

𝜌𝑔𝑐

𝑁𝑟,𝑐𝑐

𝑑0
2 ∙ 𝐻𝑔                                                                (Equation 23c)    

𝐸𝑢 =
∆𝑝𝑏,𝑖𝑑

(
𝜌𝜇𝑚

2

2𝑔𝑐
)

1

𝑁𝑟,𝑐𝑐
= 4𝑓𝑖𝑑                                                        (Equation 23) 

∆𝑝𝑏,𝑖𝑑 = 32 ∗
𝜇2

𝜌𝑔𝑐

𝑁𝑟,𝑐𝑐

𝑑0
2 ∙ 𝑅𝑒                                                  (Equation 24) 

Where 𝑓𝑖𝑑 is the ideal Fanning friction coefficient per tube row. Replacing eq. 23 and the viscosity 

correction factor in eq. 22a, it could be rewritten as eq. 22b. 

The viscosity correction factor included in eq. (22) is only for liquids. The designed heat exchanger 

will be used to recovery exhaust gases from an engine, so these gases will be circulating in the shell, 

so the term (
𝜇𝑤

𝜇𝑚
)

0.25
 will be replaced with (

𝑇𝑤

𝑇𝑚
)

𝑚
, where 𝑇𝑤 is the wall temperature and 𝑇𝑚 is the 

bulk/mean temperature. The values of m are consigned in Tables 14 and 15. 

Table 14. Property Ratio Method Exponents for Laminar Flow. Adopted from [20]. 

 



 
Table 15. Property Ratio Method Correlations or Exponents for Turbulent Flow. Adopted from [20]. 

 

The pressure drop for an ideal one window section depends strongly on the Reynolds number 

evaluating velocity at the shell centerline in one crossflow section. This pressure drop is calculated 

as 



 

 

Figure 14. Entrance and exit pressure loss coefficients for (a) a multiple circular tube core, (b) multiple-tube 

flat-tube core, (c) multiple square tube core, and (d) multiple triangular tube core with abrupt contraction 

(entrance) and abrupt expansion (exit). Adopted from [20] 



 

∆𝑝𝑤,𝑖𝑑 = (2 + 0,6𝑁𝑟,𝑐𝑤)
𝐺𝑤

2

2𝑔𝑐𝜌𝑠
                  for 𝑅𝑒 > 100              (Equation 24a)    

∆𝑝𝑤,𝑖𝑑 =
26𝐺𝑤𝜇𝑠

𝑔𝑐𝜌𝑠
(

𝑁𝑟,𝑐𝑤

𝑝𝑡−𝑑0
+

𝐿𝑏

𝐷ℎ,𝑤
2) +

𝐺𝑤
2

𝑔𝑐𝜌𝑠
        for 𝑅𝑒 ≤ 100   (Equation 25b)    

Where 𝑁𝑟,𝑐𝑤 is the amount of effective pipe rows in each window, 𝐺𝑤 is the mass velocity in the 

window, 𝑝𝑡 is the tube pitch, 𝐿𝑏 is the baffle spacing and 𝐷ℎ,𝑤 is the hydraulic diameter of the 

section. Also, 𝐺𝑤 and 𝐷ℎ,𝑤 are calculated as. 

𝐺𝑤
2

𝜌𝑠
2 = 𝑢𝑧

2 = 𝑢𝑐𝑢𝑤 =
�̇�

𝐴0,𝑐𝑟𝜌𝑠

�̇�

𝐴0,𝑤𝜌𝑠
                       (Equation 26)                

𝐷ℎ,𝑤 =
4𝐴0,𝑤

𝜋𝑑0𝑁𝑡,𝑤+
𝜋𝐷𝑠𝜃𝑏

360°

                                                  (Equation 26) 

Where �̇� is the mass flow in the shell, 𝐴0,𝑐𝑟 is the flow area for the cross flow (see eqs. (33) and 

(34)), 𝐴0,𝑤 is the flow area for the window section, 𝜌𝑠 is the mean density of the fluid, 𝑢𝑐 is the 

ideal crossflow velocity, 𝑢𝑤 is the ideal window mean velocity and 𝜃𝑏 is  the angle between two 

radii intersected at the inside shell wall with the baffle cut (see eq. 39), for eq 28, it should be in 

degrees. 

the baffle cut and is given by 

Other contribution to shell pressure drop is associated with the inlet and outlet sections on the shell. 

It is calculated as show in eq. 28 (correction factors will be detailed for eq. 29) 

∆𝑝𝑖−0 = 2∆𝑝𝑏,𝑖𝑑 (
𝑁𝑟,𝑐𝑤

𝑁𝑟,𝑐𝑐
) 𝜁𝑏𝜁𝑠                                                                           (Equation 27)    

The total pressure drop on the shell is the sum of all contributions (central section, window area and 

inlet and outlet) from eqs. (22), (25) and (28). However, these equations were enunciated for ideal 

conditions, so corrections factors must be included because of the presence of bypass and leakage 

streams. 

∆𝑝𝑠 = ∆𝑝𝑐𝑟 + ∆𝑝𝑤 + ∆𝑝𝑖−0                                                                      (Equation 29a) 

∆𝑝𝑠 = [(𝑁𝑏 − 1)∆𝑝𝑏,𝑖𝑑𝜁𝑏 + 𝑁𝑏∆𝑝𝑤,𝑖𝑑]𝜁𝑙 + 2∆𝑝𝑏,𝑖𝑑 (1 +
𝑁𝑟,𝑐𝑤

𝑁𝑟,𝑐𝑐
) 𝜁𝑏𝜁𝑠      (Equation 29b)    

Where 𝑁𝑏 is the number of baffles, 𝜁𝑏 is the correction factor for bypass flow, usually ranges 0.5 to 

0.8; 𝜁𝑙 is the correction factor for leakage streams (baffle to shell and tube to baffle), usually, its 

value is between 0.4 and 0.5, although, with small baffle spacing, lower values could be obtained 

and 𝜁𝑠 is the correction factor for the inequal baffles spacing at the entrance and exit, in the range 

from 0.5 to 2. Estimations of values for 𝜁𝑏, 𝜁𝑙, 𝜁𝑠 are indicated in Table 16. 

For the estimations of correction factor, is necessary to calculate 𝑟𝑏, 𝑁𝑠𝑠
+, 𝑟𝑠 and 𝑟𝑚. 

𝑟𝑏 =
𝐴0,𝑏𝑝

𝐴0,𝑐𝑟
                                                                                   (Equation 30)    



 
Table 16. Correction Factors for the Pressure Drop on the Shell Side by the Bell–Delaware Method. Adopted 

from [20]. 

 

Values for 𝐴0,𝑏𝑝 and 𝐴0,𝑐𝑟 depends on the geometry of the heat exchanger (fig. 15) and are 

calculated as 

𝐴0,𝑏𝑝 = (𝐷𝑠 − 𝐷𝑜𝑡𝑙 + 0.5𝑁𝑝𝑤𝑝)𝐿𝑏,𝑐                               (Equation 31)    

 

Figure 15. Nomenclature for basic baffle geometry relations for a single segmental exchanger. Adopted from 

[22]. 

Where 𝐿𝑏,𝑐 is the central baffle spacing and 𝑁𝑏 is the number of baffles, estimated as 

𝑁𝑏 =
𝐿−𝐿𝑏,𝑖−𝐿𝑏,𝑜

𝐿𝑏,𝑐
+ 1                                          (Equation 32)       

Where 𝐿𝑏,𝑖 is the baffle spacing in the inlet region and 𝐿𝑏,𝑜 is the baffle spacing in the outlet region. 

Likewise, 𝐴0,𝑐𝑟 is the crossflow area at the shell centerline for one crossflow section and is 

determined (for 30° and 90° tube layout bundle) by 



 

𝐴0,𝑐𝑟 = [𝐷𝑠 − 𝐷𝑜𝑡𝑙 +
𝐷𝑐𝑡𝑙

𝑋𝑡
(𝑥𝑡 − 𝑑0)] 𝐿𝑏,𝑐                       (Equation 33)      

Where 
𝐷𝑐𝑡𝑙

𝑥𝑡
 the number of (𝑥𝑡 − 𝑑0)𝐿𝑏,𝑐 free flow area in the tube row. Eq. 34 is valid for 45° tube 

bundle with 
𝑝𝑡

𝑑0
≥ 1.707 and for 60° tube bundle with 

𝑝𝑡

𝑑𝑜
≥ 3.732, too [20]. If the relation is lower 

than indicated, eq. 34 must be rewritten as 

𝐴0,𝑐𝑟 = [𝐷𝑠 − 𝐷𝑜𝑡𝑙 + 2
𝐷𝑐𝑡𝑙

𝑥𝑡
(𝑝𝑡 − 𝑑0)] 𝐿𝑏,𝑐                      (Equation 34) 

Also, it is necessary to calculate another dimensionless parameter 𝑁𝑠𝑠
+  

𝑁𝑠𝑠
+ =

𝑁𝑠𝑠

𝑁𝑟,𝑐𝑐
                                                                    (Equation 35)       

𝑁𝑠𝑠 and 𝑁𝑟,𝑐𝑐 were explained before. For the factor required, is also necessary to calculate 𝑟𝑠 as: 

𝑟𝑠 =
𝐴0,𝑠𝑏

𝐴0,𝑠𝑏+𝐴0,𝑡𝑏
                                                            (Equation 36)   

Where 𝐴0,𝑠𝑏 is the shell to baffle leakage area and 𝐴0,𝑡𝑏 is the tube to baffle leakage area for one 

baffle. These can be calculated as 

𝐴0,𝑠𝑏 = 𝜋𝐷𝑠
𝛿𝑠𝑏

2
(1 −

𝜃𝑏

2𝜋
)                                         (Equation 37)   

𝛿𝑠𝑏 = 𝐷𝑠 − 𝐷𝑏𝑎𝑓𝑓𝑙𝑒                                               (Equation 38) 

𝜃𝑏 = 2𝑐𝑜𝑠−1 (1 −
2𝑙𝑐

𝐷𝑠
)                                        (Equation 39) 

And the last value to calculate is 𝑟𝑚 which depends on factor explained before. 

𝑟𝑚 =
𝐴0,𝑠𝑏+𝐴0,𝑡𝑏

𝐴0,𝑐𝑟
                                                          (Equation 40) 

The above equations are the basis of calculation for the simulations performed, results are based on 

this method. Knowing the theory is an advantage in carrying out the simulations that will serve as 

a support for the results to be presented. If the required pressure drop is not reached, the option will 

be to use only a fraction of the gases or to use a fan. 

14. HEAT EXCHANGER SELECTION 

In order to solve the energy problem, different strategies were proposed to carry out the heat 

recovery in the engines that did not have recovery boilers. To do this, it was decided to implement 

ORC systems for the production of energy from this waste heat. However, it is necessary to consider 

the heat exchanger that will heat the working fluid used by the ORC, which in this case is Dowtherm 

A, a thermal oil commonly used in this type of application. The heat transfer between the engine 

exhaust gases and the thermal oil, i. e. gas-liquid, is a determining factor in deciding which type of 



 
heat exchanger to select. Additionally, it is important to take into consideration the main restriction 

of the system which are the 3 kPa pressure drop of the exhaust gases. Then, three types of heat 

exchanger: shell-tube heat exchanger, flat plate heat exchanger and economizer heat exchanger will 

be considered and examined in three different criteria to determine which one is more optimal for 

this case. 

15.1. SIZE 

In any facility, the optimization of space is a very important factor to take into consideration 

when you decide to acquire any kind of equipment, because it is sought that as far as possible, 

this does not affect the equipment distribution that has been taken so far. Much less if this 

implies regrouping all the elements in the facility, which will require a stop in production and 

therefore, economic losses for the company. In this respect, a flat plate heat exchanger has a 

great advantage over a shell and tube heat exchanger because of the ease with which it can be 

kept compact even when its heat transfer area increases [23]. In fact, this is one of the main 

disadvantages of shell and tube heat exchangers, as the temperature differences they handle are 

relatively low, so if they are required for high demand applications as in this case, the size will 

need to increase significantly [24]. On the other hand, economizer heat exchanger is more 

versatile in this sense, since it allows a greater number of configurations that help reduce the 

space needed without overcoming the pressure drop  

15.2. OPERATING CONDITIONS 

Although the large size of the devices is one of the weak points of the shell and tube heat 

exchangers, they are the most used in different applications, because of their several advantages 

like their robustness, reliability and their capacity to tolerate severe operation conditions [23]. 

Considering this criterion, flat plate heat exchangers are not a viable option because, although 

they have a better capacity to transfer heat and are able to increase their area without affecting 

much space, they do not tolerate very high-pressure differences. An experimental test of a 

designed flat plate heat exchanger which implemented manifold micro channels indicated that 

there was a significant enhance of performance for low heat flux applications. The overall heat 

transfer coefficient was close to 20,000W/m2K at flow rates of 20g/s, which correspond to a 

Nusselt number of 7.58 for a microchannel Reynolds number of 30 [25]. However, it concluded 

that in order to optimize the design in terms of pressure drop, a shell and tube heat exchanger 

design would be the best option, similarly, economizers handle low pressure drops since they 

work under the same concept as a pipe bank, 



 

 

Figure 16. Microchannel Nusselt number and pressure drop per unit length vs microchannel Reynolds number. 

Adopted from [25]. 

15.3. INVESTMENT COST 

The capital or initial cost for the project is also a really important aspect to consider, this cost 

usually depends on the number of components that take part of the cycle, it also depends on 

how sophisticated those devices are. For this case, there is not much difference between the 

alternatives mentioned, since the cost associated with the exchanger will depend largely on the 

amount of heat it is capable of transferring, and due to the restrictions presented by the system, 

the three alternatives will result in very large heat exchangers. In the case of maintenance, flat 

plate heat exchangers result more profitable instead of shell and tube heat exchangers and 

economizers because of its easily assemble/disassemble capacity.  

15.4. SELECTION OF ALTERNATIVE 

For the selection of the heat exchanger, a multi-criteria matrix was developed in which the three main 

aspects to be taken into consideration were evaluated, these were the size, the operating conditions and 

the initial cost. Given the initial restrictions of the system, the operating conditions were considered the 

most important criterion and with the greatest weight. Finally, a economizer heat exchanger was chosen, 

as it has been proven that it will be able to satisfy the conditions and restrictions of the system, although 

the size of this will probably have an impact on the current organization of the facilities.  



 
Table 17. Multi-criteria evaluation matrix for heat exchanger. 

 

15. HEAT RECOVERY UNIT CALCULATIONS 

In order to begin the calculations for the design of the heat exchanger, is needed to find two important 

variables, these are the outlet temperature of the flue gases and the mass flow of the thermal oil. Since 

the heat is given by the ORC thermal power input the equations are simply as: 

𝑄 = 𝑚𝑙𝐶𝑝∆𝑇𝑙                                (Equation 41) 

8700 = 𝑚𝑙 ∗ 2,08
𝑘𝐽

𝐾𝑔𝐾
∗ (280 − 150)°𝐶  

𝑚𝑙 = 32,17 
𝑘𝑔

𝑠
   

For the outlet flow temperature of the flue gases 

𝑄 = 𝑚𝑔𝐶𝑝(𝑇𝑔1 − 𝑇𝑔2)                 (Equation 42) 

8700 = 53,61
𝑘𝑔

𝑠
∗ 1,06

𝑘𝐽

𝐾𝑔𝐾
∗ (380 − 𝑇𝑔2)°𝐶  

𝑇𝑔2 = 227,42 
𝑘𝑔

𝑠
   

For the following calculations the books [26] and [27] were used as references. The first one has 

equations and calculations in the English system of units, since [27] and the previous calculations are 

in the international system, the results from [26] will be converter to IS at the end of the procedures.  

In first place, according to the section of economizers from chapter 3 of [26], these devices usually have 

low gas pressure drops through them and are not too much expensive, this description basically suits 

what is needed in the project, consequently, the design of this type of heat exchanger will be performed. 

Since the power plant’s engines could work with heavy oil in some cases, the recommendations from 

[26] is to have a maximum of 2-3 fins/in, so it is easier to remove the dirtiness of the flue gas. It also 

says that the normal configuration for the economizer is with horizontal tubes, vertical flow of flue gas 

and in counterflow configuration. All the recommendations described before will be taken into 

consideration in the design of the economizer.   

16.1. INTERNAL CONVECTIVE HEAT TRANSFER COEFFICIENT 

To begin the design of the economizer, the internal convective heat transfer coefficient will be 

calculated with the method described in [27], this side of the heat exchanger has Dowtherm A as the 

fluid, some of its properties needed are shown next at a temperature of 215°C, which is the average of 

the inlet and outlet temperature flow.  

𝑘 = 0,108 
𝑊

𝑚𝑘
= 0,0624 

𝐵𝑡𝑢

ℎ°𝐹 𝑓𝑡
  

 𝜇 = 3,58𝐸 − 4
𝑁𝑠

𝑚2 = 0,866
𝑙𝑏

𝑓𝑡 ℎ
  



 

 𝜌 = 892,8
𝑘𝑔

𝑚3 = 55,73
𝑙𝑏

𝑓𝑡3  

 𝐶𝑝 = 2,12
𝑘𝐽

𝐾𝑔𝐾
= 0,506 

𝐵𝑡𝑢

𝑙𝑏 °𝐹
  

 𝑃𝑟 = 7,06  

𝑣 = 1,5𝑚/𝑠    

𝑊 = 32, 17 
𝑘𝑔

𝑠
= 254822 

𝑙𝑏

ℎ
  

The properties were obtained from the data sheet of the thermal oil [28] and the velocity of the fluid 

was assumed taking in consideration the range of 1-2 m/s dictated by [26] in page 147. The next step is 

calculating the Reynolds number in order to know if the flow is either laminar or turbulent, depending 

of the result a Nusselt number equation will be chosen. 

𝑅𝑒 =
𝜌𝜇𝐷𝑖

𝑣
                                     (Equation 43) 

𝑅𝑒𝐷 =
892,8∗1,5∗0,045

3,58𝐸−4
= 168335,2  

The inner diameter used in the previous calculation is equal to Di = 1.773 in and the outside diameter 

is Do= D=0,0508 m (2 in). Once the economizer design is completed these diameter sizes will be used 

as reference to choose a standard tube that fits the design. Knowing that the thermal oil flow is fully 

developed turbulent, the equation that will be used is from DittusBoelter found in [27] page 544.   

𝑁𝑢𝐷 = 0,023𝑅𝑒𝐷
4/5𝑃𝑟0,4        (Equation 44) 

𝑁𝑢𝐷 = 0,023 ∗ 168335,2
4

5 ∗ 7,060,4 = 762,50  

Finally, with the Nusselt number and the properties of the fluid is possible to find the internal convective 

heat coefficient. 

ℎ𝑖 =
𝑘

𝐷𝑖
𝑁𝑢𝐷                                (Equation 45) 

ℎ𝑖 =
0,108

0,045
∗ 762,5 = 1821,53 

𝑊

𝑚2𝑘
= 320,78

𝐵𝑡𝑢

𝑓𝑡2ℎ𝑟°𝐹
  

16.2. TUBE BUNDLE DESIGN 

Between the options of serrated fins and solid fins, the solid fins were chosen since they offer slightly 

lower gas pressure drop and are not likely no accumulate particulates in case the heavy oil is used as 

fuel, this information is found in Q8.18, page 418 of [26]. The configuration of the bundle is staggered, 

and the correlations developed by ESCOA listed in the Table 8.10a in [26] for solid fins will be used in 

order to find the external and overall heat transfer coefficient. Thus, the properties of flue gases 

(subscript g) and bundle and fins input parameters are shown next.  

Flue gas properties 

𝑊𝑔 = 424556 𝑝𝑝ℎ = 56,61 
𝑘𝑔

𝑠
  

𝜌𝑔 = 0,0369
𝑙𝑏𝑚

𝑓𝑡3 = 0,608
𝑘𝑔

𝑚3  

𝐶𝑝 = 0,282 
𝐵𝑡𝑢

𝑙𝑏°𝐹
= 1,18

𝑘𝑔

𝑘𝑔𝐾
   

𝑘𝑔 = 0,0245
𝐵𝑡𝑢

𝑓𝑡 ℎ𝑟°𝐹
= 0,0424 

𝑊

𝑚𝐾
  

𝜇𝑔 = 0,0654
𝑙𝑏

𝑓𝑡 ℎ𝑟
=  2.70𝐸 − 5 

𝑁𝑠

𝑚2  

Since it was not possible to study the real components of the flue gases in the power plant’s engines, a 

good approximation to find the properties is the Table A6a from [26], which has the properties of 



 
exhaust gases from natural gas with 15% excess air vol%: CO2=8,29 H2O=18,17 N2=71,08 O2=2,36. 

Thus, the properties listed before are from the mentioned table at an average temperature of 579°F 

(303°C) 

Fins and bundle 

ℎ = 0,5 𝑖𝑛 = 12,7𝑚𝑚   

𝑏 = 0,075 𝑖𝑛 = 1,90𝑚𝑚    

𝑛 = 2 
𝑓𝑖𝑛𝑠

𝑖𝑛
= 78

𝑓𝑖𝑛𝑠

𝑚
 

𝑆𝑇 = 𝑆𝐿 = 4 𝑖𝑛 = 102 𝑚𝑚  

𝑁𝑑 = 23 𝑟𝑜𝑤𝑠   

  𝑁𝑤 = 25 
𝑡𝑢𝑏𝑒𝑠

𝑟𝑜𝑤
  

𝐿 = 12 𝑓𝑡  

Since this design is done by an iterative method, the geometry parameters are already known to reach 

the heat transfer objective (8700kW). The material selected is carbon steel, which has good resistance 

to corrosion and good tensile strength and ductility. Its thermal conductivity is k= 48,48 W/mk (28,19 

Btu/ft h°F) at T=480°F. Next, the obstruction surface area and the gas mass velocity will be calculated 

with the equations (49) and (50) respectively, from [26]. Also, as was said before, the correlations for 

the specified bundle are taken from the table 8.10a. 

𝐴𝑜 =
𝐷

12
+

𝑛𝑏ℎ

6
                                 (Equation 46) 

𝐴𝑜 =
2

12
+

2∗0,075∗0,5

6
= 0,179 

𝑓𝑡2

𝑓𝑡
    

𝐺 =
𝑊𝑔

((
𝑆𝑇
12

)−𝐴𝑜)∗ 𝑁𝑤∗𝐿
                    (Equation 47) 

𝐺 =
424556

((
5

12
)−0,179)∗25∗12

= 9180 
𝑙𝑏

𝑓𝑡 ℎ𝑟
  

𝑅𝑒 =
𝐺𝐷

12𝑣
                                       (Equation 48) 

𝑅𝑒𝐷 =
9180∗2

12∗0,0654
= 23402  

  

 

Correlations for solid fins, staggered bundle 

𝐶1 = 0,25 ∗ 𝑅𝑒
−0,35                                    (Equation 49) 

𝐶1 = 0,25 ∗ 23402−0,35 = 7,39𝐸 − 3   

𝐶2 = 0,07 + 8𝑅𝑒
−0,45                                     (Equation 50) 

𝐶2 = 0,07 + 8 ∗ 23402−0,45 = 0,156 

𝐶3 = 0,35 + 0,65𝑒−0,25ℎ/𝑠                             (Equation 51) 

𝐶3 = 0,35 + 0,65𝑒−0,25∗0,5/0,425 = 0,83  

𝐶4 = 0,11(0,15
𝑆𝑇

𝐷
)−0,7(

ℎ

𝑠
)0,2

                            (Equation 52) 

𝐶4 = 0,11(0,15 ∗
4

2
)

−0,7(
0,5

0,425
)0,2

= 0,26  

𝐶5 = 0,7 + (0,7 − 0,8𝑒−0,15𝑁𝑑
2
)𝑒−1(

𝑆𝐿

𝑆𝑇
)       (Equation 53) 



 

𝐶5 = 0,7 + (0,7 − 0,8𝑒−0,15∗232
)𝑒−1(1) = 0,96   

𝐶6 = 1,1 + (1,8 − 2,1𝑒−0,15𝑁𝑑
2
)𝑒−2(

𝑆𝐿

𝑆𝑇
) − (0,7 − 0,8𝑒−0,15𝑁𝑑

2
)𝑒−0,6(

𝑆𝐿

𝑆𝑇
)        (Equation 54) 

𝐶6 = 1,1 + (1,8 − 2,1𝑒−0,15∗192
)𝑒−2(1) − (0,7 − 0,8𝑒−0,15∗232

)𝑒−0,6(1) = 0,96  

16.3. EXTERNAL HEAT TRANSFER COEFFICIENT 

With the parameters calculated until now it is possible to find the one part of the external convective 

heat transfer coefficient, the respective calculation of it is shown next, using as reference the equation 

(38) of [26]. Where Tg and Tf are the average temperature of the gases and the fins, respectively. The 

rest of the properties are from the flue gases shown before. 

ℎ𝑐 = 𝐶3𝐶1𝐶5 (
𝐷+2ℎ

𝐷
)

0,5
∗ (

𝑇𝑔+460

𝑇𝑓+460
)

0,25
∗ 𝐺𝐶𝑝 ∗ (

𝑘

𝜇𝐶𝑝
)

0,67

                          (Equation 55) 

ℎ𝑐 = 0,83 ∗ 0,00739 ∗ 0,96 (
2+2∗0,5

2
)

0,5
∗ (

579+460

499+460
)

0,25
∗ 9180 ∗ 0,282 ∗ (

0,0245

0,0654∗0,282
)

0,67
  

ℎ𝑐 = 23,13
𝐵𝑡𝑢

𝑓𝑡2ℎ𝑟°𝐹
  

The second part to find the external convective heat transfer coefficient is the Nonluminous coefficient, 

it depends on the radiation between the tubes and the triatomic gases, since there is no information about 

this gases and this coefficient is usually between 0,5-2 according to different examples in [26], this 

coefficient is taken as ℎ𝑁 = 1
𝐵𝑡𝑢

𝑓𝑡2ℎ𝑟°𝐹
.  With these two coefficients is now possible to find the external 

or outer heat transfer coefficient. 

ℎ𝑜 = ℎ𝑐 + ℎ𝑁                                          (Equation 56) 

ℎ𝑜 = 23,13 + 1 = 24,13
𝐵𝑡𝑢

𝑓𝑡2ℎ𝑟°𝐹
         

The equation for the parameter s, used in the last correlations (C3, C4), is shown next along with the 

fin’s effectiveness, fins area, total area and other two parameters that are required for the pressure drop 

calculation and the fin effectiveness as well.  All these equations are from [26], listed from (42) to (47) 

in chapter 8.  

𝑠 =
1

𝑛
− 𝑏                                    (Equation 57) 

𝑠 =
1

2
− 0,075 = 0,425  

𝜂 = 1 − (1 − 𝐸)
𝐴𝑓

𝐴𝑡
                 (Equation 58) 

𝜂 = 1 − (1 − 0,839)
1,427

1,872
= 0,877  

 

𝐴𝑓 = 𝜋𝑛 
4𝐷ℎ+4ℎ2+2𝑏𝑑+4𝑏ℎ

24
     (Equation 59) 

𝐴𝑓 = 𝜋 ∗ 2 
4∗2∗0,5+4∗0,52+2∗2∗0,075+4∗0,075∗0,5

24
= 1,427

𝑓𝑡2

𝑓𝑡
  

𝐴𝑡 = 𝐴𝑓 + 𝜋
𝐷(1−𝑛𝑏)

12
              (Equation 60) 

𝐴𝑡 = 1,427 + 𝜋
2(1−2∗0,075)

12
= 1,872 

𝑓𝑡2

𝑓𝑡
  

𝐸 = 1/(1 + 0,002292𝑚2ℎ2 (
𝐷+2ℎ

𝐷
)

0,5
)        (Equation 61) 

𝐸 =
1

1+0,002292∗16,552∗0,52(
2+2∗0,5

2
)

0,5 = 0,839  



 

𝑚 =
24ℎ

𝑘𝑓𝑖𝑛𝑏

2
                      (Equation 62) 

𝑚 =
24∗0,5

28,19∗0,075

2
= 16,55  

16.4. OVERALL HEAT TRANSFER COEFFICIENT 

In order to find the overall heat transfer coefficient for the tube bundle, the resistances are needed to be 

calculated first. The following equations are found also in [26] page 425. 𝑓𝑙 and 𝑓𝑔 are the fouling factors 

for thermal oil found in [29] and for the flue gases found in [26]. 

𝑅1 =
1

ℎ𝑜𝜂
               (Equation 63) 

𝑅1 =
1

24,13∗0,877
= 0,047 

𝑓𝑡2ℎ𝑟°𝐹

𝐵𝑡𝑢
  

𝑅2 =  
12𝐴𝑡

𝜋ℎ𝑖𝐷𝑖
            (Equation 64) 

𝑅2 =  
12𝐴𝑡

𝜋ℎ𝑖𝐷𝑖
=

12∗1,872

𝜋∗320,78∗1,773
= 0,013  

𝑓𝑡2ℎ𝑟°𝐹

𝐵𝑡𝑢
  

𝑅3 =  𝑓𝑜 = 0,001 
𝑓𝑡2ℎ𝑟°𝐹

𝐵𝑡𝑢
      (Equation 65) 

𝑅4 = 𝑓𝑙 ∗
12𝐴𝑡

𝜋𝐷𝑖
                         (Equation 66) 

𝑅4 = 0,002 ∗
12∗1,872

𝜋∗1,773
= 0,008 

𝑓𝑡2ℎ𝑟°𝐹

𝐵𝑡𝑢
  

𝑅5 = 24 𝐿𝑛 (
𝐷

𝐷𝑖
) ∗

𝐴𝑡

24∗𝑘𝑓𝑖𝑛𝜋𝐷𝑖
     (Equation 67) 

𝑅5 = 24 𝐿𝑛 (
2

1,773𝑖
) ∗

1,872

24∗28,19∗𝜋∗1,773
= 0,001

𝑓𝑡2ℎ𝑟°𝐹

𝐵𝑡𝑢
  

∑ 𝑅 = 0,071 
𝑓𝑡2ℎ𝑟°𝐹

𝐵𝑡𝑢
 

𝑈 =
1

0,071
= 14,02 

𝐵𝑡𝑢

𝑓𝑡2ℎ𝑟°𝐹
= 79,6

𝑊

𝑚2𝐾
  

 

To calculate the real heat transferred in the economizer it is needed the 𝛥𝑇𝑙𝑚 which depends on the 

flows inlet and outlet temperatures along with its configuration (counterflow). This procedure is taken 

from the page 434 of [26]. 

𝛥𝑇𝑙𝑚 =
(𝑇𝑔1−𝑇𝑙2)−(𝑇𝑔2−𝑇𝑙1)

𝐿𝑛
(𝑇𝑔1−𝑇𝑙2)

(𝑇𝑔2−𝑇𝑙1)

        (Equation 68) 

 𝛥𝑇𝑙𝑚 =
(716−530)−(441−302)

𝐿𝑛
(716−530)

(441−302)

= 158,61°𝐹  

Now, with the overall heat transfer coefficient is possible to calculate the area needed for the thermal 

input of the ORC (29,68E+6 Btu/h) 

𝐴 =
𝑄

𝑈∗𝛥𝑇𝑙𝑚
                     (Equation 69) 

𝐴 =
29,68𝐸+6

14,02∗158,61
= 13366𝑓𝑡2  

Since the total area is already calculated as a function of the length and the number of tubes per row 

and length is known, the number of rows will be the only term to calculate now. 



 

𝑁𝑑 =
𝐴

𝑁𝑤 𝐿 𝐴𝑡 
                (Equation 70) 

𝑁𝑑 =
13366

25∗ 12∗ 1,872 
= 23,8  

As a result, the number of rows for the tube bundle needed is 24 to satisfy the thermal power input, the 

heat transfer and the total area is recalculated with this number 

𝑄 = 𝛥𝑇𝑙𝑚𝑈𝐴𝑡𝑁𝑤𝑁𝑑𝐿                        (Equation 71) 

𝑄 = 158,61 ∗ 14,02 ∗  1,872 ∗ 25 ∗ 24 ∗ 12 = 29,9𝐸 + 6
𝐵𝑡𝑢

ℎ
  

𝐴 = 𝐴𝑡𝑁𝑤𝑁𝑑𝐿                                     (Equation 72) 

𝐴 = 1,872 ∗ 25 ∗ 24 ∗ 12 = 13478𝑓𝑡2 = 1252 𝑚2  

16.5. PRESSURE DROP FLUE GASES 

The only last parameter to calculate is the pressure drop though the economizer, which basically is the 

most important variable to consider, since it cannot surpass 30 mbar (). From the section Q.7.28 of [26], 

is obtained the equation for staggered bundle with finned tubes for the flue gases. Where MW is the gas 

molecular weight and is assumed as 30 like the example shows since there is not information about in 

the case. 

𝛥𝑃𝑔 =
1,58𝐸−8∗𝐺1,684∗𝐷0,611𝜇0,316∗𝑁𝑑∗(460+𝑇𝑔)

𝑆𝑇
0,412𝑆𝐿

0,515∗𝑀𝑊
                      (Equation 73) 

𝛥𝑃𝑔 =
1,58𝐸−8∗91801,684∗20,6110,06540,316∗24∗(460+579)

40,41240,515∗30
  

𝛥𝑃𝑔 = 10,58 𝑖𝑛. 𝑊𝐶 = 27,5 𝑚𝑏𝑎𝑟  

16.6. PRESSURE DROP THERMAL OIL 

Now that the main restrictions of the heat recovery unit are under control, the last term to find is the 

pressure drop across the tubes with the thermal oil flowing inside them. The equations (21) and (22) 

from the section Q.720a of [26] are cited to find the friction factor and the pressure drop respectively. 

From the properties shown in the section of calculation of the internal heat  

𝑓 =
0,316

𝑅𝑒0,22                             (Equation 74) 

𝑓 =
0,316

168335,20,22 = 0,022  

∆𝑃 = 3,36𝐸 − 6 ∗ 0,361 ∗ (𝐷𝑖  𝜇)0,22𝐿𝑊 2
𝑣

(15,2𝑊)0,22𝐷𝑖
5               (Equation 75) 

∆𝑃 = 3,36𝐸 − 6 ∗ 0,361 ∗ (1,77 ∗ 0,866)0,2212 ∗ 254822 2
1

55,73

(15,2∗254822)0,221,7735   

∆𝑃 = 37,78 𝑖𝑛 𝑊𝐶 = 9409 𝑏𝑎𝑟  



 
17. RESULTS 

Table 18. Final geometry of tube bundle. 

 

Table 19. Principal results of tube bundle. 

 



 
17.1. TUBE SCHEME 

 

Figure 17. Finned tube of the economizer. 

 

 

Figure 18. Frontal view of finned tube. 



 

 

Figure 19. Side view of finned tube. 

 
Figure 20. Bundle of tubes in economizer. 

18. COST ESTIMATION 

18.1. HEAT EXCHANGER HEAT ESTIMATION 

The factorial method for cost estimation is based on purchased equipment costs, so it requires good 

estimates for equipment costs. Recent data on actual prices paid for similar equipment is the best source 

of costs. This information is usually obtained for engineers from engineering, procurement and 

construction companies (contractors). They have access to high-quality data, as these companies carry 

out many projects every year [30]. However, actual prices may be different from catalogs, due to factors 

like purchasing power of client and the urgency of the project. Several correlations could be found in 

the literature, however, these are usually not accurate. Usually, these correlations are based on data 

published by Guthrie and updated using either cost indices, however, Guthrie’s correlations were valid 

when published (1969), but there have been changes in the contribution of material and manufacturing 

costs of process equipment. A more accurate way of estimating costs would be by purchasing 

specialized cost-estimation software, which do not work with the factorial method, but follow routes 



 
defined by the cost engineers, estimating equipment cost, bulk cost and installation cost (materials and 

labor).  

Due to lack of reliable data and estimation cost software, costs will be estimated by correlations. For 

heat exchangers, a preliminary cost estimation is given as function of heat transfer surface area. Factors 

like fouling and cleanability, fluid leakage and contamination, fluid and material compatibility and fluid 

type also could increase the total cost. These factors are important since they could imply the use of 

additional equipment (such as regenerators) or higher cost materials. However, due to the high 

uncertainty managed in the project and the little access to high quality data, the cost estimation will be 

developed only as function of heat transfer surface area, bearing in mind that this is the factor with the 

highest incidence on the heat exchanger total cost. 

First, the method proposed by Shah and Sekulic [20] was considered in order to estimate a preliminary 

cost for the heat exchanger.  

This method is based on the cost of a heat exchanger per unit of its thermal size, that is, per unit of the 

product. It was necessary to calculate 
𝑞

∆𝑇𝑚
, where q is the heat transfer rate and ∆𝑇𝑚 is the mean 

temperature difference of fluid in the heat exchanger.  

It could be determined in two ways. On way for make the calculation is as shown in eq. 76. 

𝑞 = �̇�𝑗∆ℎ𝑗                    (Equation 76) 

Where �̇� is the mass flow of and ∆ℎ is the change in the fluid enthalpy (ℎ𝑜𝑢𝑡 − ℎ𝑖𝑛), for each of the 

two fluids. 

∆𝑇𝑚 = 𝐹∆𝑇𝑙𝑚             (Equation 77) 

Where F is a correction factor and ∆𝑇𝑚𝑙 is the log-mean temperature difference, calculated as 

∆𝑇𝑚𝑙 =
∆𝑇1−∆𝑇2

𝑙𝑛(
∆𝑇1
∆𝑇2

)
            (Equation 78) 

Where the 1 and 2 represents the fluids in the heat exchanger. 

Then, 
𝑞

∆𝑇𝑚
 could be determined by dividing eq. 76 in eq. 77, so 

 
𝑞

∆𝑇𝑚
=

�̇�1∆ℎ1

𝐹∆𝑇𝑙𝑚
      (Equation 79) 

Likewise, it could be estimated as 

𝑞

∆𝑇𝑚
= 𝐶𝑚𝑖𝑛 ∗ 𝑁𝑇𝑈    (Equation 80) 

Where 𝐶𝑚𝑖𝑛 is the lowest coefficient of thermal capacity of the flow (eq. 81) and NTU is the number 

of transfer units. 

𝐶𝑗 = �̇�𝑗𝐶𝑝,𝑗       (Equation 81) 

This coefficient should be calculated for both fluids and the lowest value should be used in eq. 80. 

Also, NTU should be calculated as: 



 

𝑁𝑇𝑈 =
𝑈𝐴

𝐶𝑚𝑖𝑛
          (Equation 82) 

Where U is the global heat transfer coefficient and A is the heat transfer surface area. From eq. 82, it 

could be determined that 

𝑁𝑇𝑈 ∗ 𝐶𝑚𝑖𝑛 = 𝑈𝐴     (Equation 83) 

Then, by replacing eq. 83 in eq. 80, the required value could be calculated as 

𝑞

∆𝑇𝑚
= 𝑈𝐴       (Equation 84) 

Values for U and A were calculated before, so, replacing these values in eq. 84, the required value is 

obtained 

𝑞

∆𝑇𝑚
= (79,6 

𝑊

𝑚2 ∗ 𝐾
) (1252.1 𝑚2) 

𝑞

∆𝑇𝑚
= 99.587,56 

𝑊

𝐾
 

Then, an empirical cost data compiled is presented as correlations in a table. 𝐶𝑈𝐴  (
$

𝑊

𝐾

) correlation is 

determined from 
𝑞

∆𝑇𝑚
 and considering both hot-side fluid and cold-side fluid. For this case, the cold-side 

fluid a low-viscosity organic liquid and the hot-side fluid is a low-pressure gas. Due to the value 

calculated for 
𝑞

∆𝑇𝑚
 is not presented, a logarithmic interpolation should, however, as the interpolation 

should be made between 30.000
𝑊

𝐾
 and 100.000

𝑊

𝐾
 and our value is very close to 100.000, 𝐶𝑈𝐴 for this 

value will be used. Then, 𝐶𝑈𝐴 = 0,55
$

(
𝑊

𝐾
)
 will be taken for the estimated cost (eq. 85). 

𝐶𝑒 = 𝐶𝑈𝐴 ∗
𝑞

∆𝑇𝑚
            (Equation 85) 

So, by replacing values, the estimated cost could be calculated. 

𝐶𝑒 = (0,55
$

𝑊

𝐾

) (99.587,56
𝑊

𝐾
)  

𝐶𝑒 = $ 54.773,18  

These correlations are valid for US dollar value in 2000, so the estimated costs should be adjusted to 

the year of project evaluation or the closest possible.  The costs of the equipment in present value could 

be estimated in two ways: considering the dollar inflation year by year or adjusting the value by using 

the Chemical Engineering’s Plant Cost Index (CEPCI).  For engineering applications, the second way 

is recommended [31], so it will be calculated by using eq. 86. 

𝐶𝑒,2 = 𝐶𝑒,1 ∗ (
𝐶𝐸𝑃𝐶𝐼2

𝐶𝐸𝑃𝐶𝐼1
)         (Equation 86) 

Where 𝐶𝑒,2 is the estimated cost in present value, 𝐶𝑒 , 1 is the cost estimated (from eq. 85), 𝐶𝐸𝑃𝐶𝐼1 is 

the Chemical Engineering’s Plant Cost Index for the year in which the cost was calculated and 𝐶𝐸𝑃𝐶𝐼2 

is the Chemical Engineering’s Plant Cost Index for the year in which the cost is recalculated. Since, to 



 
date, no information has been found regarding the value of the CEPCI for the year 2020, the cost was 

estimated for year 2019. 

 

𝐶𝑒,2019 = ($ 54.733,18) (
607,5

394,1
)  

𝐶𝑒,2019 = $84.370,5  

However, this cost is not into the range determined after consulting experienced engineers (from 

$200.000 to $300.000), so another method was considered. 

The method proposed by Hewitt and Pugh [31] was also considered. This method is similar to the one 

shown above but uses different correlations. And, finally, the relation between cost per unit area and 

heat exchanger surface area is presented in a curve (figure 21). 

 

Figure 21. Cost per unit area as function of area. Adopted from [3]. 

Then, with the calculated value of area is possible to enter the graph, so the cost per unit area for the 

heat exchanger could be estimated. 

 

 

Figure 22. Cost per unit area at 1252 𝑚2. 



 
Considering that the ordinate axis scale is about 1:25, a rule of three could be used in order to estimate 

an appropriate value, so 

25 
$

𝑚2

1 𝑐𝑚
=

𝑥

0,3 𝑐𝑚
 

𝑥 = 7,5 
$

𝑚2
 

Then, the cost per unit area is (50 + 7,5)
$

𝑚2 = 57,5 
$

𝑚2. So, the estimated cost could be calculated. 

𝐶𝑒 = (57,5 
$

𝑚2
) (1252,1 𝑚2) 

𝐶𝑒 = $71.995,75 

This value is valid for 2007, so cost will be estimated by using eq. 86 and the conditions mentioned. 

𝐶𝑒,2019 = $ 71.995,75 ∗
607,5

525,4
 

𝐶𝑒,2019 = $ 83.245,94 

This cost is not into the range determined after consulting experienced engineers, so a third method was 

considered.  

Towler and Sinnot [1] proposed correlations to estimate the costs of plant equipment taking into account 

the factor that has the most relevance for each of these equipments. The estimation will be realized for 

a U-tube shell and tube heat exchanger. in which, as mentioned, the heat transfer surface area is the 

factor that most affects the costs of the equipment. The correlations drawn from Towler and Sinnot are 

presented in Table 20.  

Table 20. Correlations proposed by Towler and Sinnot for a U-tube shell and tube heat exchanger. 

 

𝐶𝑒 = 𝑎 + 𝑏𝑆𝑛                             (Equation 87) 

Where 𝐶𝑒 is the purchased equipment cost on a U.S. Gulf Coast basis (in dollars), and 𝑆 is the heat 

transfer surface area (in square meter). This estimated cost is valid for equipment manufactured in 

carbon steel, which is the selected material in our design. It should be clarified that these correlations 

are valid for areas smaller than 1000 𝑚2, however, due to the lack of precision in other methods carried 

out, the lack of high-quality data and the lack of specialized software, these correlations will be used to 

calculate the cost for the largest area in which they are valid (1000 𝑚2) by using eq. 87. 

𝐶𝑒 = 28.000 + 54 ∗ 1.0001,2 

𝐶𝑒 = $242.978 



 
Since the area was previously defined, a preliminary cost was calculated, however, these correlations 

are valid for January 2013, so the costs should be adjusted to the year of project evaluation or the closest 

possible by using eq. 86. 

𝐶𝑒,2019 = $242.978 ∗
607,5

532,9
 

𝐶𝑒,2019 = $276.992 

 This value is accepted as a good estimate, since it is within the range of values proposed by the 

experienced engineers consulted. 

18.2. TUBE ESTIMATION 

Once the bank of tubes is calculated for the proposed economizer, is needed to estimate the cost of the 

pipelines arrangement and select an optimal pump. 

 
Figure 23. Schematic of pipelines arrangement. 

 

Base on this schematic, the dimensions of the pipelines are going to be estimated all over the facility, 

which for the thermal oil is approximately 44 m. For the pipelines the calculations starts from the 

following equation: 

 

𝐶𝑡 = 𝐶𝑖 + 𝐶𝑒                     (Equation 88) 

Where: 

Ci: Initial cost 

Ce: energy cost 



 
To estimate the initial cost, it’s necessary to select a material and calculate a base diameter based on the 

fluid behavior and its properties so: 

 

𝑑𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = √
4∗𝑄𝑜𝑖𝑙

𝜋∗𝑉𝑎𝑠𝑠𝑢𝑚𝑒𝑑
              (Equation 89) 

 

 

Qoil refers to the flow rate of the oil through the pipe in m3/s, which is calculated from the mass flow 

and the density. And for the velocity is possible to assume a seed value which will be recalculated after, 

so the initial diameter will be: 

 

𝑑𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = √
4 ∗ 0,036 𝑚3/𝑠

𝜋 ∗ 2𝑚/𝑠
 

𝑑𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 151,45 𝑚𝑚 

 

Once an initial diameter is set, is possible to select a nominal diameter from a table such as: 

 

Table 21. Nominal diameter for pipes catalogue. 

 
 

So for the first iteration the diameter used will be schedule 40 6”. And it is needed to know the price 

per mass of the pipe based on the material. The material selected was a Stainless steel with these 

specifications: 

Density: 7850 kg/m3 

Pipe price: 3,5 US/kg  

Roughness: 0,00005 



 
So the calculation for the initial cost will be: 

 

𝐶𝑖 = 𝐴 ∗ 𝐿 ∗ 𝜌 ∗ 𝑃𝑐                       (Equation 90) 

 

So taking into consideration the coin conversion the initial cost will be: 

 

𝐶𝑖 =
𝜋

4
[0,15412𝑚 −  0,16832 𝑚] ∗ 44 𝑚 ∗ 7850

𝑘𝑔

𝑚3
∗ 3,5

𝑈𝑆

𝑘𝑔
∗ 3599

$

𝑈𝑆
 

𝐶𝑖 = 14.561.578 $ 

 

With the new diameter is calculated the real velocity through the pipe: 

 

𝑉𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 =  
4∗ 𝑄𝑜𝑖𝑙

𝜋∗ 𝐷𝑖2                             (Equation 91)  

𝑉𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 =  
4 ∗  0,036 𝑚3/𝑠

𝜋 ∗  0,15412
 

𝑉𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 = 1,9319 𝑚/𝑠 

 

In order to calculate the energy cost, the procedure starts by calculating the net head of the system which 

is the summation between the height that the pump needs to supply plus the losses throughout the 

pipelines. 

 

𝐻𝑝 =  
𝑉2

2𝑔
∗ [𝑓 ∗

𝐿

𝐷
+  ∑𝐾𝑎𝑐𝑐] +  𝑍          (Equation 92) 

 

Where g is the constant of gravity (9, 81 m/s2), ∑Kacc is the summation of all the losses by accessories 

and Z is the height to reach the HE unit (approximately 6, 5 m from the ground). 

To calculate the f factor is needed to look to the Colebrook equation: 

 

1

√𝑓
=  −0,869 ∗ 𝐿𝑛 [

0,05

3,7∗𝐷𝑖
+  

2,51

𝑅𝑒∗√𝑓
]          (Equation 93) 

 

Where Re is the Reynolds number which is calculated by the following equation: 

 

𝑅𝑒 =  
𝑉∗𝐷𝑖

𝜗
                                              (Equation 94) 

 

Where v refers to the kinematic viscosity of the thermal oil in m2/s which was determined in previous 

sections, so: 

 

𝑅𝑒 =  
1,9319

𝑚
𝑠

∗ 0,1541 𝑚

4,01𝑥10−7 𝑚2/𝑠
 

 

𝑅𝑒 = 742417,6486 

 

Now the Colebrook’s equation ends to be: 

 



 
1

√𝑓
=  −0,869 ∗ 𝐿𝑛[

0,05

3,7∗0,1541 𝑚
+  

2,51

742417,6486∗√𝑓
]          (Equation 95) 

 

After several iterations, the value of f was: 

 

𝑓 = 0,01610 

For the ∑Kacc value, is needed to summarize the number of accessories in the pipeline system: 

 

Table 22. Summary of pipeline accessories. 

 
 

Now is possible to calculate the net head of the pump: 

 

𝐻𝑝 =  
1,9319 𝑚/𝑠2

2 ∗ 9,81 𝑚/𝑠2
∗ [0,01610 ∗

44 𝑚

0,1541 𝑚
+ 7,5] + 6,5 𝑚 

 

𝐻𝑝 =  8,801 𝑚 

 

Once the net head of the pump is found, is possible to calculate the power for the hydrodynamic process 

with: 

 

�̇�ℎ𝑦𝑑𝑟𝑜 =  𝜌 ∗ 𝑔 ∗ 𝑄𝑜𝑖𝑙 ∗ 𝐻𝑝                     (Equation 96) 

 

�̇�ℎ𝑦𝑑𝑟𝑜 =  892,8
𝑘𝑔

𝑚3
∗ 9,81

𝑚

𝑠2
∗

0,036𝑚3

𝑠
∗ 8,801 𝑚     

 

�̇�ℎ𝑦𝑑𝑟𝑜 = 2777,74 𝑊 

 

Where 892,8 kg/m3 is the density of the thermal oil at 225 °C. 

Now for the drive power is possible to estimate a pump efficiency of 0,65 % so: 

 

�̇�𝑑𝑟𝑖𝑣𝑒 =  
�̇�ℎ𝑦𝑑𝑟𝑜

𝑛
                                  (Equation 97) 

 

�̇�𝑑𝑟𝑖𝑣𝑒 =  
2777,74 𝑊

0,65
 

 

�̇�𝑑𝑟𝑖𝑣𝑒 = 4,48 𝑘𝑊 



 
 

Now to estimate the energy consumed in a year is needed the time of use, and given that the plant 

produces approximately a 23% of the year and considering the off days of the plant because of 

maintenance, the time of use will be: 

 

∆𝑡 = 360 ∗ 24 ∗ 0,23 

∆𝑡 = 1987,2 ℎ/𝑦𝑒𝑎𝑟 

 

So the energy consumed will be: 

 

𝐸 =  �̇�𝑑𝑟𝑖𝑣𝑒 ∗  ∆𝑡                                (Equation 98) 

 

𝐸 = 4,48 𝑘𝑊 ∗  1978,2 ℎ/𝑦𝑒𝑎𝑟 

 

𝐸 = 8903,13 𝑘𝑊ℎ/𝑦𝑒𝑎𝑟 

 

The annuity is calculated as: 

 

𝐴 = 𝐸 ∗ $/𝑘𝑊ℎ                               (Equation 99) 

 

For the sector, according to data collected the price of the kWh is 462 $/kWh, so: 

 

= 8903,13 𝑘𝑊ℎ ∗ 462 $/𝑘𝑊ℎ 

 

𝐴 = 4.113.249 $ 

 

So finally for estimate the cost of energy is possible to use the following equation: 

 

𝐶𝑒 =  
𝐴

𝑖
∗ [

(1+𝑖)𝑛−1

(1+𝑖)𝑛 ]                        (Equation 100) 

 

Where i refers to the bank interest rate which for this case the estimation is to be 7% and n is the period 

of operation, 10 years for this case: 

 

𝐶𝑒 =  
4.113.249 $

0,07
∗ [

(1 + 0,007)10 − 1

(1 + 0,007)10
] 

 

𝐶𝑒 =   28.889.740 $ 

 

So the total cost turns to be: 

 

𝐶𝑡 = 14.561.578 $ + 28.889.740 $ 

 

𝐶𝑡 = 43.451.318 $ 

 



 
For the pump selection is needed to consider the flow rate of the oil and the net head of the system. 

Then in a manufacturer’s catalog, is looked for an optimal pump. 

Qoil = 0,036 m3/s, so 

Qoil = 571,11 gpm 

Hsystem = 7,78 m 

It was decided to use a HYDROMAC catalogue and the pump selected was an ETN model: 

 
Figure 24. Pump catalogue. Adopted from [32] 

 



 

 
Figure 25. Pump selection. Adopted from [32]. 

 

 

Pump specifications: 

Model: ETN 8x8x9E 

Rotor diameter: 220/219 mm 

Efficiency: 62% 

 

 

Exhaust gases pipelines 

For the exhaust gases, the  proceed is the same way as in the oil pipeline estimation, but taking into 

consideration that this case does not require a pump, so the costs of energy are not necessary. 

According to the schematic presented in figure 23 the estimated length of the pipes arrangement is about 

108 m, so it is possible to proceed as before: 

 

𝐶𝑡 = 𝐶𝑖 + 𝐶𝑒                            (Equation 101) 

 

Since there is not energy cost, Ci = Ct so: 

 

𝑑𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = √
4∗𝑄𝑔𝑎𝑠𝑒𝑠

𝜋∗𝑉𝑎𝑠𝑠𝑢𝑚𝑒𝑑
                (Equation 102) 

 

In this case the assumed velocity will be higher because the fluid are gases so it about 8 m/s. 

 



 

𝑑𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = √
4 ∗ 88,17 𝑚3/𝑠

𝜋 ∗ 8 𝑚/𝑠
 

 

𝑑𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 3,74 𝑚 

 

The pipe material is stainless steel too, and the nominal diameter selected is 90”: 3855 mm of internal 

diameter and 3873 mm of external diameter. 

 

𝐶𝑖 = 𝐴 ∗ 𝐿 ∗ 𝜌 ∗ 𝑃𝑐              (Equation 103) 

 

𝐶𝑖 =
𝜋

4
[3,8732𝑚 −  3,8552 𝑚] ∗ 108 𝑚 ∗ 7850

𝑘𝑔

𝑚3
∗ 3,5

𝑈𝑆

𝑘𝑔
∗ 3599

$

𝑈𝑆
 

 

𝐶𝑖 = 930.869.871 $ 

 

19. CONCLUSIONS 

The design of an ORC system is a great opportunity for companies and thermoelectric plants throughout 

the country and the world that plan to increase the overall efficiency of the plant.  The waste heat from 

the exhaust gases is used to heat the thermal oil in order to then heat the working fluid of the ORC cycle, 

therefore it is necessary to design the heat exchanger of this stage in detail. After making a first design 

of the heat exchanger, it was found that the best type of exchanger was an economizer, whose design 

managed to reduce the necessary area of heat exchange and the allowable pressure of the engine, these 

being the main restrictions for the design.  

Therefore, a preliminary design of the heat exchanger was made, obtaining a finned tube bank with a 

staggered arrangement, where the values of the heat transfer coefficient, the number of rows, diameters 

and lengths can be highlighted, allowing to obtain a first detailed design of the tube bank. After 

determining all the constructive variables of the economizer, the pressure drop was calculated, in order 

to determine if these parameters could supply the main restriction of the design (the  backpressure 

allowed by the motor of 30 mbar), obtaining a satisfactory result concluding that the project is 

technically feasible. 

In addition, a heat exchange area of more than 1252 𝑚2 was obtained, so it can be concluded that it is 

necessary as it was initially planned a large area available for installation, this without taking into 

account the area needed for the additional ORC cycle.  

 During the cost estimation, several approaches were made with different methods recommended in the 

literature, since it was necessary to reduce the range of possible values of the heat exchanger. As a main 

result, an initial estimate of the cost of the heat exchanger was obtained, being approximately a value 

between 200,000 and 300,000 dollars. This estimate was made because, as it is a very specific 

application, solutions that comply with both the pressure drop and the available space are not 

documented in catalogues. 

As a last measure, it is necessary to analyze the viability of the project since a great investment will be 

made in all the equipment that compose the ORC cycle, taking into account that the plant is 40% without 

producing energy, therefore the time of recovery of the investment will be high for the company, 

otherwise if the plant had a greater time of operation. 
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