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EXECUTIVE SUMMARY 
 
 

This investigation aimed to assess the true technical and environmental potential, plus 
economic feasibility of the ORC technology as bottoming cycles for Gas turbines and IC 
Engines power applications. 

The assessment started by creating a modeling tool using the software EES in order to 
model several bottoming cycle configurations and match them with the mentioned power 
generation technologies. This model used as inputs the operational data of small range  (5.5-
50 MW) Siemens Gas Turbines and power plant recommended Wärtsila IC Engines. Thus, 
adding practical reliability to the model.  The simulation also defined 5 control parameters: 
organic working fluid, operative high pressure of the cycle, minimum temperature 
difference in the heat exchange, degree of superheating and amount of regeneration. These 5 
factors were selected because their role in defining not only the power output, but also the 
economical cost of an eventual application.  

Six different organic fluids ranging from Alkanes, Aromates and Siloxanes were 
analyzed in particular ranges for each of the other 4 mentioned control parameters. After the 
simulation a preliminary analysis was performed through comparative matrixes. This 
contrast intended to outstand the configuration with the highest power output and the 
smallest capital investment cost. Although no costs were inserted in the model, this last 
factor was analyzed through the cycle’s components size. Three different configurations 
were selected from this analytic process. The two better preforming cycles and a third option 
that ideally balanced the two examined factors.   

Further study quantified the fuel and emission reductions per unit of power when the 
selected ORCs were implemented and the mild environmental impacts that this additions 
would have were also quantified. 

Finally a Cost Benefit Analysis was implemented in which it was reached that although 
feasible, economically ORC implementation is not more attractive that Business as Usual 
scenario, implementation of the mentioned equipment without bottoming cycle. 

This investigation concluded that although ORC implementation could be a major 
technical improvement for IC Engine and Gas Turbine based power plants, increasing the 
power output up to 20% and 44% respectively, it suffers from high capital prices due to the 
novelty of the commercial applications and a lack of balance between output, size and 
reduction of its production costs. It finalizes by recommending that in order to achieve a 
more positive situation, a strategy towards a higher economy of scale and increased 
researched in component cost reduction should be performed.  
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NOMENCLATURE 

 
The following are the acronyms used in this investigation (SI Units are not included in this 
list) 
 

• ORC: Organic Rankine Cycle 
• RC: Rankine Cycles 
• CRC: Conventional Rankine Cycles  
• CSP: Concentrated Solar Power 
• IC: Internal Combustion 
• MTD: Minimum Temperature Difference 
• HRVG: Heat Recovery Vapor Generator 
• MM: hexamethyldisiloxane 
• MDM: octamethyltrisiloxane 
• MD4M: tetradecamethylsiloxane 
• NPV: Net Present Value 
• CBA: Cost Benefit Analysis 
• NOx: Nitrous Oxides 
• SOx Sulfur Oxides 
• COx: carbon Oxides 
• NG: Natural Gas 
• LFO: Light Fuel Oil 
• HFO: Heavy Fuel Oil 
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1. CONTEXT, POSITION AND OBJECTIVES OF THE REPORT 
In modern society energy is one of the major assets to assure the development and 

growth of a country or region.  The characteristics of the energy market are rapidly changing 
shaped by very diverse factors as availability of primary energy fuels, costs and 
environmental impacts.  

In the recent years the vision is towards assuring secure and sustainable primary energy 
resources. Therefore the world as a whole, at a different pace depending of the region, is 
slowly migrating from finite non-renewable sources to local sustainable supplies.  The 
problem is that this renewable technologies have failed to grow at a pace fast enough to 
satisfy the ever growing energy needs. Figure 1, shows the current panorama, in which non-
renewable primary energy sources still dominate the energy matrix. 

 

 
Figure 1: World Energy Outlook 20121 

 
As seen, oil and natural gas (NG) are currently the largest sources of primary energy 

worldwide and their share, especially in the case of NG is only expected to grow before 
reducing.   

From this energy demand 8.9% in the case of oil and 36.7 % in the case of natural gas are 
transformed into mechanical power and/or electricity.2 The main processes to convert these 

                                                        
 
1 IEA [2] 
2 IEA [2] 
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primary resources into power are internal combustion engines and Open Brayton Cycles in 
the form of gas turbines. 

This investigation takes advantage of a promising technology, Organic Rankine 
Cycles (ORC), to maximize the efficiency of these mentioned technologies. It does it by 
targeting the unused share of the total useful energy in the processes, while preserving the 
economical feasibility of such applications. 

1.1. CONTEXT, SCIENTIFIC, SOCIAL AND ECONOMIC ISSUES  

Gas turbines consist of basically three subsequent elements: compressor, combustion 
chamber, and expansion turbine. Ambient air is taken in by the compressor through the air 
intake system, filtered and then compressed to a pressure of between 10 and 30 bar. Fuel is 
burned in the combustion chamber raising the temperature and internal enthalpy of the 
gaseous combination. This mix is finally expanded in aero derivative or larger industrial gas 
turbines to produce power and electricity. Natural gas is the usual gaseous fuel for this 
equipment, but gases with low or medium calorific value are also applied. The number of 
gas turbines used worldwide has grown significantly over the last decade, and nowadays 
they are increasingly used for electricity production in base and intermediate loads, and can 
also be used for emergency and peak demand, in large grids. 

Internal combustion or reciprocating engines have one or more cylinders in which fuel 
combustion occurs. Compared to gas turbines, combustion in reciprocating engines is not 
continuous but takes place in these subsequent chambers. Engines for power plants are 
typically designed to operate on either four- or two- stroke cycles. To produce electricity, the 
moving piston transfers the energy from the combustion to a generator connected to the 
rotating engine flywheel. During combustion, the pressure and temperature increase is very 
high and this allows high conversion efficiency for small units. This allows this technology to 
be flexible and satisfy base and peak load usually in small grids. Most systems use diesel oil 
or heavy fuel oil as liquid fuel, but modern improvements has allowed for the use gaseous 
fuel also. The main constrains with the broad use of this technologies are the fuel cost and 
their high air emissions. 

These systems as many other industrial processes carry considerable energy wastage, 
which in average adds up to a 50% of the energy generated. Specifically the power 
production industry discards in average 63% of its total energy supply, presenting an 
enormous potential for energy recuperation.   

Engineers and researchers conscious about this situation have focused themselves in 
different manners to harvest this otherwise unused energy. Different approaches have 
analyzed the 3 different stages of these processes. The front-end research has focused in the 
quality of the primary energy fed. The units themselves have grown in complexity by the 
addition of stages that include energy recuperation, optimization of the operation 
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parameters, among others. And finally in the back-end the attention is fix in the recuperation 
of the non-useful energy leaving the power plant. The latter approach applying ORCs have 
emerged as one of the most promising technologies as it might be seen in this comparison3 
for IC Engines:  
 

• Electrical Turbo-Compounding (Caterpillar): 3 to 10% announced fuel economy. 
• Mechanical Turbo-Compounding: 5 to 10% announced fuel economy. 
• TIGERS (Turbo-generator Integrated Gas Energy Recovery System) 6% announced 

fuel economy. 
• Thermo-electricity: 20% announced fuel economy. 
• Stirling Cycle in co-generation: up to 40% announced fuel economy but a too low 

specific power. 
• Turbo steamer: 17% announced fuel economy. 
• ORC: up to 60% announced fuel economy. 
 
Specialists in ORCs configure their systems on fluids that can extract the highest amount 

of heat from the source, preserve their chemical stability and operate between practical 
pressure levels, while keeping a dry expansion. 

 All of the above without neglecting: environmental impacts, toxicity, availability and 
cost.  The challenge with these factors is that it inserts dependence of the heat source nature, 
and more specifically of its temperature. In order to satisfy sources of different nature, 3 
different types have been implemented: 

 
• Subcritical ORC: The four processes occur at lower pressure than the critical 

pressure of the working fluid. 
• Trans-critical ORC: In this case the heat addition occurs over the critical 

pressure but the heat rejection occurs below, with the expansion and 
compression in between. 

• Supercritical ORC: The four processes occur above the critical pressure. 

 
Although trans-critical and supercritical ORC processes offer great opportunities for 

heat recovery, the instability of the fluids under these conditions and the pressure levels 
required turn this type of processes rare and expensive. Therefore, this research focuses only 
on subcritical configurations.  

                                                        
 
3 Heat2Power [3] 
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Beside heat recovery multiple ORC applications have appeared with diverse fluids and 
roles as topping, main or bottoming cycles. Figure 2 shows most relevant potential and 
commercial applications of ORCs. 

 

Figure 2: Potential and Commercial applications of ORCs4 

 
Various authors agree, that commercially the market is being pushed by the medium to 

low geothermal and biomass combustion applications, accounting for 31% and 48% of the 
commercially active ORC systems.5 These sources have particularities, in the humidity 
content, temperature, and energy density that requires of a binary cycle to successfully 
transform heat into power. The third major area is the reutilization of the waste energy, 
which adds up to 20% of the ORC operative units worldwide. Waste heat recovery is 
particularly implemented in the recuperation of heat in concrete producing plants, 
specifically in the clinker ovens. Their application as bottoming cycles in power generation 

                                                        
 
4 Vélez et al. [4] 
5 Vélez et al [4] 
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facilities is relatively low, although this is expected to change by the reshaping that shale gas 
has brought to the sector. The increased dependence in a non renewable resource as natural 
gas and the stagnated dependence on oil makes any efficiency improvement for current 
technologies a matter of forth most importance. 

Is in this scenario that this investigation becomes relevant, although other factors 
pushing towards more efficient systems also increase its significance. Recent studies, 
including the reports from the IPCC, have concluded that actions most be taken as soon as 
possible in order to stay among the path in which Global Warming will not have an 
irreparable damage around the globe. This has created an even deeper social consciousness 
about the environmental damage of our anthropogenic activities, which has pushed 
governments to take drastic action in their regulatory framework. Programs, like the 2020 
European Climate and Energy Package, aims not only for more renewables sources but also 
for lower pollutant emissions and higher process efficiencies. These two last goals support 
directly the wide spreading of ORC’s in the current non-sustainable power generation 
systems. Furthermore, the implementation of ORCs can open, as the technology grows, more 
economically feasible options for renewable source energy conversion. 

1.2. POSITION OF THE PROJECT 

This project aims to establish the equilibrium between increased efficiency, economical 
feasibility and ecological mitigation actions in present and future waste heat based ORCs 
process.  

Currently there are multiple ongoing investigations that aim to find new fluids and 
configurations that can efficiently transform waste heat energy into power. They constitute 
the basis of this analysis, which goes a step further into analyzing the reasons why these 
types of cycles, although exhaustively analyzed are not as broadly used in the power 
generation sector. A segment in which, higher efficiencies and power output usually are a 
synonym of a considerable increase in income.  

To perform this, it consolidates a strong base of the commercially and technically 
available fluids and components, and evaluates them in terms of technical characteristics, 
environmental impacts and costs.  

The idea is to align the efficiency trend, with the climate change problematic and low 
capital cost that characterizes the energy market. The final aim is to boost the commercial 
application of a technology that has been thoughtfully analyzed and has the potential of 
becoming the cornerstone of energy conversion equipment in the future.  

1.3. STATE OF THE ART 

Rankine Cycles (RC), were introduced in the 1850s as the steam-based cycle that serve as 
working principle for the popular steam engine. These cycles referred as Conventional 
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Rankine Cycles (CRC) evolved into becoming the power conversion scheme behind nuclear, 
coal and large biomass-fired power plants.  

RCs are constituted by 4 basic stages shown in Figure 3. The basic processes are: 
expansion, condensation, compression and evaporation. On the right side of figure, one of 
the multiple additions developed for the RC can also be seen, internal heat recuperation. This 
modification is only feasible for ORCs, while variations in CRCs include: open and closed 
preheating, turbine bleeding and multiple pressure levels all aimed to improve overall 
efficiency. 
 

 
Figure 3: Schematic of a Simple and Regenerative Rankine Cycle 

 
The deviation into a different fluid than water was introduced in the 1960’s as an option 

to harvest concentrated solar power (CSP). This pioneer CSP facility produced heat at 
temperatures that did not guarantee a dry expansion of steam. Steam expansion is limited by 
a minimum-pressure condition that is when water condensation might start in the expander, 
generating turbine malfunction and destruction. 

 The particular advantages of ORCs over CRCs when applied to relatively low enthalpy 
systems are [5]: 

 
• Fewer thermal energy is needed during the evaporation process. 
• The evaporation process takes place at lower pressure and temperature. 
• The vapor process ends in the vapor region and superheating might not be 

necessary, thus discarding blade erosion. 
• The smaller pressure ratio between evaporation and condensation also means that 

the pressure drop must be smaller and thus simple stage turbines and other type of 
expanders can be used. 
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• Due to an expansion ending in the dry area, there is a high potential for heat 
recovery before condensation. 

 
Motivated by these advantages ORC researchers have analyzed the organic fluids and 

the configuration in which they generate the leanest energy conversion. The challenge is that, 
as shown Figure 4, organic fluids have very particular thermodynamic behavior. 

 

 
Figure 4: Saturation Curves of Water and different organic fluids6  

 
In order to homogenize their comparison, there are several crucial characteristics to 

contrast organic fluids. [4] These are:  
 

• Environmental impact. 
• Hazard Potential (Toxicity). 
• Chemical Stability. 
• Critical Pressure. 
• Availability and cost. 
• Latent Heat and Molecular weight. 
• Freezing point. 
• Degree of Inclination in Saturation Curve. 

 

                                                        
 
6 Tchanche et al. [5] 
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Although this criteria serve to partially discriminate among fluids, in order to truly 
know the power output potential, two performance factors should be calculated; the thermal 
and heat recovery efficiency of the particular fluid. [8]  

The thermal efficiency is a fraction of the ideal thermal efficiency or Carnot efficiency. 
Therefore it also depends of the temperature difference between the maximum and 
minimum temperature of the cycle, in this case the difference among the inlet temperature of 
the turbine and the temperature of condensation.   

In the case of the heat recovery efficiency it depends on the exergy destruction that 
occurs in the evaporative heat exchanger.  This interaction is more complicated and, in order 
to study the nature of the heat exchange the pinch point methodology is recommended and 
the establishment of a minimum temperature difference (MTD). [9] 

The pinch point methodology takes into account first and second law of 
thermodynamics to systematically analyze heat transfer processes. The first law provides the 
energy equation for calculating the enthalpy changes. While the second law determines the 
direction of the heat flow and prohibits crossovers. In a heat exchanger unit neither a hot 
stream can be cooled below cold stream supply temperature, nor a cold stream can be heated 
to a temperature above the supply temperature of a hot stream. In order to assure this a 
“pinch point” is established that will constitute the minimum temperature difference (MTD) 
between the hot and cold streams in a heat exchanger.  The location of the MTD along the 
profiles should be carefully placed in the point in which the hot and cold stream 
temperatures are closer together, avoiding “temperature crossovers”. The pinch point also 
acquires operational importance because, an increment in the MTD increases the exergy 
destruction, thus reducing power output of the cycle and reducing its heat recovery 
efficiency. 

The previously mentioned analysis allowed researchers to establish that ORC 
performance is governed by the relationship between fluid behavior, its critical conditions 
and the thermal characteristics of the heat source.  

In the case of the thermal efficiency the possibility of increasing the productivity of the 
cycle is to raise the evaporation temperature, which is limited by the fluids critical point and 
the heat source temperature. [10] The other option is to reduce the condensation 
temperature, but this is not always possible without considerably sacrificing efficiency as this 
temperature also depends on environmental conditions. 

Furthermore, in the case of the heat recovery efficiency its dependence on the MTD 
makes it a function of the heat source and organic fluids temperature profiles. Therefore if 
the heat interchange occurs under a similar pattern and with relative temperature proximity, 
a better heat recovery is achieved. 

A balance between both efficiencies is then achieved when the organic fluid critical 
temperature and the heat source temperature are similar.  
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This general rule allows for families of organic fluids to be further analyzed or 
discarded, based on the heat source temperature. In the case of this investigation the heat 
sources display relatively high temperatures  (<250 C), therefore families with similar critical 
temperature were considered. The critical conditions of the different organic fluid families 
are shown in Figure 5.  
 

 
Figure 5: Organic Fluid Families with critical temperatures and pressures7 

 
The evaluation of these parameters also poses important considerations from an 

economical standpoint. First because a high critical temperature usually is related to 
relatively higher critical pressure, which demands added component robustness and cost. 
Plus, the cost of the evaporator, that for this is project is conformed by the heat recovery 
vapor generator (HRVG), decreases as the MTD increases.  

                                                        
 
7 Branchini et al. [8] 
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This analysis cannot be independent of other chemical properties of the fluid as density, 
environmental impact, flammability, health danger and reactivity. Plus it should also 
consider economic concerns as cost and availability.  

Investigations in ORCs also cover other areas beside organic fluid behavior. Several 
investigations study the components and the configuration of ORCs. Configuration research 
studies the applicability of processes originated in CRCs like: superheating, reheating, 
regeneration and recovery. Specific researchers have used several performance indexes to 
analyze these processes and arrived to relevant conclusions, discarding reheating and 
regeneration as applicable processes. [10] Reheating consists of the creation of two different 
expansion pressure levels with a heat addition from the main evaporator in between. It is 
unwanted due to the fact that the nature of the expansion in ORCs makes counter productive 
to create several pressure levels in the expansion. A similar same reason is behind the low 
potential of regenerative systems that involve turbine bleeding and the generation of two 
expansion levels. Superheating and recovery might have successful results, but case 
defendant. This investigation, evaluates their effectiveness from a performance and cost 
standpoint. 

Regarding the components that will make up for the ORC, several studies have been 
conducted.  The analysis of heat exchangers and pumps for the respective ORCs has just 
proven that current standards as shell and tube exchangers and common centrifugal pumps 
are more than efficient components to satisfy the heat transfer and compression stages. The 
debate has shifted towards the second most expensive element of the cycle, the expander. As 
ORCs were developed from the knowledge in CRCs the approach with the expanders is to 
use the already known technology of the bladed steam impulse axial turbines. Further 
research on the topic, has shown, that in certain cases this approach increases the cost and is 
not the most effective manner of extract power especially in medium to small cycles. 
Although these configurations constitute most of the applications nowadays, new emergent 
possibilities have surfaced. The most promising are the screw expanders and radial-flow 
turbines. Screw expanders, or screw motors work in a very similar way as the commercially 
available screw compressors. Researchers stand out these types of expanders, of particular 
interest for micro to small systems. [12] Their implementation will reduce costs, add 
robustness, present higher efficiencies and ease cycle control. Radial-flow turbines create a 
differential pressure between inflows and through a rotoric disk harvest the movement 
created by this potential, this innovative technology is exclusive to the particular behavior of 
organic fluid expansion.  
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1.4. OBJECTIVES, ORIGINALITY AND INNOVATIVE NATURE OF THE PROJECT 

 
As it can be concluded from the state of the art section, the technical aspects surrounding 

ORC technology have been deeply studied for different applications and have proven to be 
an effective way to harvest energy for different sources. Nonetheless their application in 
commercial cycles as waste energy recovering system is still reduced. Responding to this the 
general objective of this investigation is: 

 
• Assess the true technical and environmental potential, plus economic feasibility 

of ORC technology as bottoming cycles for Gas turbines and IC Engines power 
applications. 
 

The specific objectives are: 
 

• Analyze the parameters that configure ORC applications and assess their 
influence in the net power output and cost of the application. 

• Maximize the power output, while minimizing the component sizes in the 
proposed ORCs. 

• Examine the eventual positive and negative environmental influences an ORC 
application might produce for Power plants running on IC Engine and Gas 
turbine technology. 

• Contrast current power plants, with their equivalent ORC enhanced applications 
in technical, environmental and economical terms. 

• Expose the reasons why this technology hasn’t acquired a higher share of power 
generation technologies. 

 
In summary this project aims to bridge the overwhelming research findings in ORC 

cycles into a more widespread market application. Some thermo-economical studies have 
been performed in the past, but most of them position as key factor the maximization of 
power output. In this case the main driver is cost reduction.  Plus by taking into 
consideration a wide range of current market machinery as sources, the reliability of these 
results is increased. As an added contribution it also presents a methodology to carry out 
extensive ORC analysis for particular heat sources in which either their enthalpy or technical 
viability are too low. 

2. METHODOLOGY 
As it has been mentioned this project aimed to optimize the thermal, environmental and 

physical aspects that will increase the economic feasibility of ORCs as bottoming cycles for 
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Gas Turbines and IC Engines in power generation applications. These sources were chosen 
as they represent the principal methods of power generation from the main primary energy 
sources worldwide.  The project bases itself in a linear development in which each section 
depends on the previous results, therefore the results of each part were analyzed before 
proceeding to the next stage. This allowed avoiding the unnecessary analysis of already non-
relevant results.  

In order to assure realistic results in both cases, commercially available data from both 
sources were used. For Gas Turbines, the sources used were the small range 5.05-50 MW gas 
turbines from industry leader Siemens. The reasons supporting this selection is that in these 
ranges, another effective methods to use waste heat, as combined cycles or combined heat 
and power, proves to be economically unviable.  

As expected, in the case of IC Engines manufacturers and sizes are more varied 
depending on the application. IC Applications for power generation basically divide in two 
main areas back up service and IC based facilities that connect to the grid. This second sector 
is growing with the implementation of dual or flex-fuel IC Engines with selective catalytic 
reduction as back up for variable renewable energy technologies for example solar and wind 
energy. One of the industry leaders in this kind of technologies, due to their experience in 
marine applications is the Finnish firm Wärtsilä, thus its equipment was selected as the 
reference IC Source. 

The particulars of both heat sources are introduced in the results sections, due to their 
relation with the investigation outcomes.  

2.1. SCIENTIFIC METHODOLOGY 

The scientific methodology consisted on the development of the three mentioned axes, 
thermodynamic, environmental and economic with software modeling, and information 
inputs from the current market situation. 

2.1.1 THERMODYNAMIC ANALYSIS 

 
As mentioned before this step is the corner stone of the project because it defined the 

available exergy of ORCs as a function of the fluids and heat sources, and the specific 
parameters that shaped these cycles.  The tool to perform this analysis was the 
thermodynamic model of the ORC, which was able to shift sources and fluids.  To facilitate 
the consideration of multiple results the EES software platform was used to build the model.  

The first part was the definition of the basic components of the simulation. Based on the 
results of the state of the art research a Recuperative Rankine cycle was selected. In order to 
model the ORC, it was divided into the respective elements that comprise it and each one 
was described mathematically.  A schematic view of the whole and its components is shown 
in Figure 6.  
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Figure 6: Schematic model of analyzed ORC 

The following steps show the performed mathematical analysis; a full list of the 
variables and their meaning is presented in Annex 1.  

First the general Energy Balance for the Cycle was stated: 
 

Q!"#$ +W!"#$ = W!"#$%&' + Q!"#$%#&%'   (1) 
 

The first component to be analyzed was the Heat Recovery Vapor Generator (HRVG). In 
order to do so it was divided in the three different stages. First the preheating stage 

 
m!"#!" ∗ h!!" − h!"#!" = m!"#!"# ∗ h! − h!  (2) 

 
Then the vaporization: 

 
m!"#!" ∗ h!!" − h!!" = m!"#!"# ∗ h!"#$  (3) 

 
Finally the superheating: 

 
m!"#!" ∗ h!"!" − h!!" = m!"#!"# ∗ h! − h!  (4) 

 
After the HRVG has been analyzed it was possible to examine the behavior in the 

expansion stage, this was performed through the relation of the isentropic efficiency in the 
expander: 
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n!!"!"# =
h! − h!
h! − h!!"

     (5) 

 
It was possible then to know the work output: 

 
    W!"#$%&' = m!"#!"# ∗ (h! − h!) (6) 

 
The next stage was to model the recuperation stage using the pertinent energy balance 

that describes the heat exchange occurring in this element: 
  

m!"#!"# ∗ (h! − h!) = m!"#!"#  ∗ (h! − h!)   (7) 
 

The heat recovered was obtained by the following formula: 
 

    Q!"#"$ = m!"#!"# ∗ h! − h!     (8) 
 

The heat dissipation was also considered in the condenser, this was performed by the 
product of enthalpy difference in this element and the mass flow as shown in the following 
equation: 

    Q!"#$%#&%' = m!"#!"# ∗ (h! − h!)   (9) 
 

As with the turbine the work input or pumps work for the cycle was calculated using 
the isentropic efficiency of this element: 

 

n!!"!"# =
h!!" − h!
h! − h!

  (10) 

 
Therefore the relation that calculate the total work input was: 

 
W!"#$ = m!"#!"# ∗ h! − h! (11) 

 
Once all the elements of the cycle were defined the relevant variables for the analytic 

purposes of this investigation were also stated. The first relevant variable was the net power 
output. 

W!"# = W!"#$%&' −
W!"#$
n!"#$!"#

 (12) 

 
Which allowed the net power output for the ORC to be calculated: 

 



 
 

ME3 MASTER THESIS PROJECT  
FINAL REPORT 
2014 EDITION 

 
 

 
ME3 2014 Master Thesis Project : ORC for waste heat applications  23/109 
 

POW = W!"# ∗ n!"#!"# ∗ n!"#!"#   (13) 
 

And therefore the efficiency of the ORC was established, which as it will be seen was 
then used as a comparing parameter: 

 

n!"!#!"# =
Pow
Q!"#$

 (14) 

 
With all these factors describing the ORC and the input variables of the source cycles 

properly obtained, it was possible to obtain the overall values. First, the overall power 
output was calculated: 

 
Pow!"#$% = Pow!"# + Pow!" (15) 

 
And then total efficiency: 

 

n!"!#!"#$% =
Pow!"# + Pow!"

Q!"#!"
 (16) 

 
The previously described steps constituted the basis of the mathematical model and the 

ORC technical analysis, but in order to adjust it to the purpose of this investigation the 
variables were divided into inputs, parameters, constrains, constants and dependent  

The inputs were every previously known variable and therefore are constituted by the 
known characteristics of the heat sources. The considered inputs were the mass flow and 
outlet temperature of the exhaust in the source cycle, as they became the inlet conditions for 
the ORC.  Plus, the output power and efficiency were also considered as inputs because these 
values played a double role as performance indicators and facilitators in the calculation of 
the flue gas enthalpy.  

From this inputs several dependent variables were calculated, starting by the gas 
content. This variable as showed in Equation (17) was also a function of the stoichiometric air 
to fuel ratio [f], a constant specific to each fuel, and the specific fuel consumption, a 
dependent variable constituted by the ratio between fuel and air mass flows [β].  

 

x = 1 + ! β
1 + β (17) 

 
Once the gas content is known, the enthalpy was obtained from the following relation, 

for each point n point in HRVG: 
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h!!" = h!!"# + x ∗ Dh!  (18) 
 

The enthalpies in equation 18 were obtained from an EES parametric table that relates 
temperatures, hAir and Dh in gases product of combustion.  The respective table is presented 
in Annex 2. 

Then and in order to achieve the desired variations and results several control parameter 
were introduced. Their objective was to enclose the particular features that can impact cycle 
size and performance, thus cost. These parameters were modeled in respective ranges so that 
optimal values could be obtained. 

The fluid selection was the first control parameter impacting the mentioned proportional 
relationship between critical temperature and power output. In order to assure a relevant 
power output only the high critical temperature fluid families were selected and the 
performance of several substances belonging to this groups were compared.  

The behavior of each of these fluids under different high-pressure levels was evaluated 
through the mentioned PParameter, factor. In order to do this an evaluation range was 
implemented. The variation of this factor impacts effectively the size and robustness of the 
components in the cycle. 

The second control parameter, Delta TPP, was the variable that introduced the mentioned 
MTD.  This control parameter was introduced in two steps, first assuring the location of the 
pinch point for each source-fluid bundle and then evaluating performance in a defined 
range. This parameter was crucial in defining the size of the HRVG. 

 The third parameter Delta TSuperheat; specifically established a difference between the 
evaporation temperature and the turbine inlet temperature. This aspect also modified the 
size of the respective HRVG. Its range was  

 The final control factor implemented was the %Regen; it established the percentage of 
available thermal energy that shall be ideally recuperated before being dissipated in the 
condenser. The maximum available heat was set by the difference between the condition at 
the expander outlet and the condition of saturated vapor in the condenser at the low-
pressure level. 

The next step was to establish modeling constrains and numerical values to the ranges of 
the control parameters. These restrictions were based on the characteristics of the pinch point 
analysis. Allowing effectively evaluating the performance and characteristics of the proposed 
cycles while ensuring that the modeled cycle, behaved under the laws of thermodynamics. 
The established constrains were: 
 

1. The cycle must operate under subcritical pressure levels. A 0.5 bar difference between 
the maximum working pressure and the critical pressure was established as a 
minimum. The PParameter setting controlled this. The maximum of this parameter was 
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set for a condition in which the high-pressure value draws near the condensation 
pressure.  

 
2. The pinch point temperature difference Delta TPP was bound to be between 10 C and 

50 C. This difference was introduced through the Delta TPP parameter. The range is 
defined based on previous experience of pinch point analysis methodology.  

 
3. Maximum Superheating Temperature was constrained by the lowest value to either 

assure chemical stability of the organic fluid or the minimum inlet temperature of the 
analyzed group of sources, the minimum was slightly higher than the evaporation 
temperature. This defined the limits of the Delta TSH parameter.  

 
4. Enthalpy and Temperature levels of the source flue gas in the HRVG should followed 

a consequent order: 
 

• h_HS_Out < h_HS_9 < h_HS_1 < h_HS_In  
• T_HS[8] < T_HS[9] < T_HS[1],[10] < T_HS[2] 

5. Enthalpy and Temperature levels of the organic fluid along the cycle should followed 
a consequent order: 

 
• h_6 < h_7 < h_8 < h_9 < h_1 < h_2 
• h_5 < h_4 < h_3 < h_2  
• T[5] ≤ T[6] < T[7] < T[8] < T[9] ≤ T[1],[10] < T[2] 
• T[5] < T[4] < T[3]< T[2] 

 
6. In order to assure constant heat exchange, temperature levels in the HRVG should be 

respected: 
 

• T[8] < T_HS[8], T[9] < T_HS[9], T[1][10] < T_HS[1][10], T[2] < T_HS[2] 
 

7. In order to assure constant heat exchange, temperature levels in the regenerator 
should be respected: 

 
• T[7] < T[4], T[8] < T[3]  

 
8. Finally as %Regen was considered as a fraction of the available energy that could be 

recuperated it ranged from 0.1 - 0.99. 
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As it is inferred from the previous explanation the model was constrained to total of 5 
degrees of freedom, therefore in order to complete the model several constant values needed 
to be established. The list of the used constants is presented in Table 1; they were common 
for all the simulated scenarios. 

Table 1: Simulation constants for all scenarios 
Variable	 Description	 Units	 Values	

N_GEN_ORC	 Generator	Efficiency	 dim	 0.98	
N_MEC_ORC	 Turbine	Mechanical	Efficiency	 dim	 0.98	
N_T_IS_ORC	 Turbine	Isentropic	Efficiency	 dim	 0.8	
N_P_IS_ORC	 Pump	isentropic	Efficiency	 dim	 0.8	
N_PUMP_ORC	 Electromechanical	Efficiency	of	Pump	 dim	 0.9	

T_COND	 Temperature	of	Condensation	ORC	 C	 50	
 

Some of these values were related to the nature of the equipment, particularly the 
efficiencies, therefore it was justified to fix them, as they didn’t modify particularly the 
behavior of each modeled scenario. In these cases the approach was to follow industry 
standard values. The condensation temperature was not justifiable under this statement. This 
variable is heavily dependent on the location of the implemented application, but impacts 
directly the behavior of the cycle.   Therefore as this model is not bound to any particular 
location a flexible value was needed. Therefore a relatively high condensation temperature 
was assumed, which allowed for the results to serve two key aspects. First that the validity of 
the results, in power output for example, didn’t depend on different locations, and that if the 
data serves for future implementations, these values can only improve. Second, that air and 
water cooled condensers can be used under this conditions, thus reducing implementation 
costs. It is important though to clarify that although the condensation temperature is 
constant, the condensation pressure is a dependent variable as it is a function not only of this 
temperature but also of each particular organic fluid. 

All this elements together modeled a theoretical cycle that was still slightly different from 
the equivalent practical implementation, due to two major assumptions.  First, the heat 
dissipation of the cycle components to the environment was neglected; this was due to the 
added difficulty to quantify the undesired heat loss in a theoretical scenario. The second 
assumption was that no dynamic pressure change in heat exchangers and connecting 
pipeline was quantified. This attribution was as well based on the modeling nature of this 
investigation. Both assumptions were considered through a particular factor in the economic 
analysis in order to achieve realistic results. 

Every other value in the simulation was calculated and was considered as a dependent 
variable.  A complete summary of the elements around the simulation is presented in Figure 
7. And the code utilized in EES is exposed in Appendix 8.4. 
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 Figure 7: ORC Model variable description 

    
Once the model was set up the different behaviors were graphed by evaluating the 

different control parameters in their applicable working ranges. This was repeated for each 
set of inputs depending on the evaluated heat source and for each of the selected fluids. 

Finally these results were compared through a matrix involving power output, heat 
recovery and component sizes. From this results the most promising configurations were 
further analyzed in the next stages. 

2.1.2 ENVIRONMENTAL ANALYSIS 

 
After a technical screening process the Source and ORC energy conversion technologies 

were analyzed from the environmental point of view. This included: 
 
• Current environmental impacts and mitigation actions of gas turbines running in 

gas fuels. 
 

• Current environmental impacts and mitigation actions of IC engines running in 
HFO, LFO and gas fuels. 

 
• Influence of the implementation of ORCs as bottoming cycles in the respective 

hazards.  
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2.1.3 ECONOMIC ANALYSIS 

 
After the evaluation of the different ORC cycles from a technical and environmental 

standpoint a pre-selection was done and it was possible to arrive to specific relevant cases for 
both heat sources. These relevant cases and the available information allowed building 2 
scenarios: 

 
• Scenario 1: Configuration for maximum power output. 

 
• Scenario 2: Business as Usual, cost of plant without bottoming cycle. 
 
With the respective scenarios a Cost Benefit Analysis (CBA) was performed following 

the following stages:. 
 

1. Calculation of capital investment, time prolonged costs & and time prolonged 
benefits. This process was the key element of the evaluation and it involved trying to 
identify: 
 

a. Tangible Benefits and Costs (i.e. direct costs and benefits) 
 

b.  Intangible Benefits and Costs (i.e. indirect costs and benefits)  
 

2. Discounting the future value of benefits: Consisted in calculated the Net Present 
(NPV) for the different elements in the future. 
 

3. Comparing the costs and benefits to determine the net rate of return. 
 

4. Comparing net rate of return among scenarios to establish profitability. 
 

After this was performed an individual analysis of the up front costs of each of the 
practically viable ORC was performed to quantify which would produce more profitability.   

After all the results were gathered and contrasted, conclusive recommendations were 
given towards the more feasible implementation of Waste Heat ORCs and particular future 
steps around the research of this topic were given. 
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2.2. PROJECT MANAGEMENT 

 
As exposed before the project was developed individually, and each of the sections was 
implemented and analyzed before the next step. The considerations taken were: 
 

• Bi-weekly 1 hour meeting with the tutor and experts in the different topics for 
orientation. 

• Individual development of each section, using the mentioned software tools. 
• Constant communication with companies in the ORC sector to ensure 

commerciality of the partial and final results. 

3. EXPLOITATION OF RESULTS 
 

As mentioned in the methodology, the results of this investigation were obtained in 
three phases; the basic one was a thermodynamic or technical study through the model of 
the ORC under different scenarios. It was followed by a contrast of environmental impacts 
and benefits between current gas turbines and IC Engines applications and the influence of 
ORC implementation. Finally a basic economic feasibility study was performed through a 
basic cost benefit analysis. 

3.1. THERMODYNAMIC ANALYSIS 

 
The core objective of this section was to establish technical and size optimal Organic 

Rankine Cycles.  In order to do this each heat source had to be paired with multiple ORCs in 
order to reach the best conditions. The process started by the heat source analysis  

3.1.1 HEAT SOURCE ANALYSIS 

 
The introduction established that the motivation underlying the selection of IC Engines 

and Gas Turbines as heat sources is that they are preferred energy conversion technologies to 
transform the current main sources of primary energy into useful power. It was also 
mentioned that this technologies present a high a mount of waste energy, which is rarely and 
partially recovered. In order to assure realistic results in both cases, commercially available 
data from both sources were used. 

In the case of Gas Turbines, as mentioned in the methodology, the sources that were 
used consisted the small range 5.05-50 MW gas turbines from one of the top-manufacturers 
in this type of equipment, SIEMENS. These units are not only used for electrical generation 
but are also used for industrial power. They have to particularity of using aero derivative 
technology for the expander and their burners are not as sophisticated as the ones developed 
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for their larger counterparts.  Their general performance data was extracted from the 
manufacturer technical data manual the relevant values are shown in Table 2. 

Table 2: Technical Data for Siemens Gas Turbines, Small Range (5.05-50 MW)8 

Model	
Rated	Power	 ηElectrical	 TExhaust	 Fuel	

Heat	Rate	 mExhaust	
[MW]	 [dim]	 [C]	 [KJ/KWhr]	 [Kg/s]	

SGT	100	(50	Hz)	 5.05	 0.302	 545	 Natural	Gas	 11914	 19.5	
SGT	200	(50	Hz)	 6.75	 0.315	 466	 Natural	Gas	 11492	 29.3	
SGT	300	(50	Hz)	 7.9	 0.306	 542	 Natural	Gas	 11773	 30.2	
SGT	400	(50	Hz)	 12.9	 0.348	 555	 Natural	Gas	 10355	 39.4	
SGT	500	(50	Hz)	 19.06	 0.337	 369	 Natural	Gas	 10690	 97.9	
SGT	600	(50	Hz)	 24.48	 0.336	 543	 Natural	Gas	 10720	 81.3	
SGT	700	(50	Hz)	 32.82	 0.372	 533	 Natural	Gas	 9675	 95	
SGT	750	(50	Hz)	 37.03	 0.395	 459	 Natural	Gas	 9120	 114.2	
SGT	800	(50	Hz)	 47.5	 0.377	 541	 Natural	Gas	 9557	 132.8	

 
The previous table was the first step of the analysis, because it presented the basic 

thermodynamic characteristics of the flue gases, defining aspects for the bottoming cycle. In 
the case of Gas Turbines, an ideal combination of high temperatures and relative high mass 
flow, allowed the implementation of a relatively large bottoming ORC.   

The exhaust temperatures of Table 2, in most cases, are higher than the critical 
temperature of most fluids and in some cases threaten their chemical stability if raise to this 
conditions. Therefore, this opens the possibility for other efficiency boosting sub-process to 
be implemented in the gas topping cycle i.e. regeneration and/or reheating.  As it is a 
comprehensive study and not an actual implementation design, this investigation focused in 
the analysis of the raw source without any of these auxiliary processes.  

In order to narrow the wide range of IC Engines offered by manufacturer Wärtislä only 
the models recommended for power plant operation were analyzed. The respective models 
and this type of power generation facilities present particular characteristics that needed to 
be considered. First is that in order to stay competitive IC based power plants, have to assure 
very high efficiencies, even in partial loads. Therefore must manufacturers, Wärtsilä 
included, have defined particular products, with rather small power outputs, and 
implements variable size power plants by arranging this units in a parallel scheme. This 
allows for a small range of models, but flexible implementations through the modular 
scaling of units operating with multiple fuels. This arrangement set two probable scenarios 
for heat recovery, to either concentrate the flue gases implementing a large single ORC, or to 

                                                        
 
8 Siemens, 2013 [15]. 
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employ independent smaller ORCs for each of the engines. Due to the theoretical nature of 
this investigation, the later had to be selected. These small units might present a setback in 
the viability of these ORCs, but either way the analysis was done to assess to which extent. 

 Table 3 shows these models based in the manufacturer technical data guide. Flex-fuel 
models were counted double to analyze their behavior according to the respective fuel. 

Table 3: Technical Data for analyzed Wärtsilä IC Engines9 

Model	
Rated	Power	 ηElectrical	 TExhaust	 Fuel	

Heat	Rate	 mExhaust	
[MW]	 [Dim]	 [C]	 KJ/KWhr	 [Kg/s]	

20V34DF	 8730	 0.448	 380	 Methane	#	80	 8036	 14.5	
20V34DF	 8730	 0.443	 335	 Diesel	 8127	 17.9	
20V32GD	 8924	 0.459	 349	 Diesel	 7840	 17.5	
18V50DF	 16621	 0.473	 400	 Methane	#	80	 7616	 27.0	
18V50DF	 16621	 0.440	 377	 Diesel	 8185	 33.5	
18V46GD	 17076	 0.468	 346	 Diesel	 7698	 32.5	

  
These particular 4 models are selected for the manufacturer for their implementations, 

because of their fuel flexibility (i.e. 20V34DF, 18V50DF), their high efficiency (18V46GD) and 
their ability for an agile and fast ramping (20V32GD). [17][18] In this case as well a Sankey 
diagram was created. 

At this point all model inputs including the fundamental flue gas temperature and mass 
flow were fully defined and specified for the heat sources. Further data as emissions and 
costs are presented in their respective sections. 

3.1.2 CYCLE PARAMETERS AND FLUID SELECTION  

 
Once the specific parameters of the analyzed sources were established the building of 

the bottoming cycle started. As was explained in the methodology, the fluid selection is the 
first control parameter and the most decisive element of the proposed cycle. The range of 
available fluids for ORC are very diverse, therefore several consecutive filters were 
performed, to select the substances to be analyzed. The first filter was to take into 
consideration the mentioned relation between the critical temperature and the heat source 
temperature. As introduced in the context section, a higher inlet source temperature 
demands a higher critical temperature, to reduce the exergy destruction in the heat transfer.  
Comprehensive studies about high temperature sources, established that three families of 
organic fluids are ideal for these cases: Siloxanes, Alkanes and Aromates. [19] 

                                                        
 
9  Wärtsila, 2010 [16]. 
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Alkanes consist of acyclic branched or unbranched hydrocarbons having the general 
formula CnH2n+2, and therefore consisting entirely of hydrogen atoms and saturated carbon 
atoms. Aromates, also known as arenes, are monocyclic and polycyclic aromatic 
hydrocarbons. They consist of alternating double and single bonds between carbon forming 
rings; the different substances are based in the ring structure of benzene the simplest 
possible hydrocarbon of such a nature. Finally, Siloxanes consist of saturated silicon-oxygen 
hydrides with unbranched or branched chains of alternating silicon and oxygen atoms (each 
silicon atom is separated from its nearest silicon neighbors by single oxygen atom). Their 
name derives from the mixture of silicon, oxygen atoms with alkane molecules. These 
substances are usually composed of several different types of siloxide groups; which are 
labeled according the number of Si-O bonds. M-units: (CH3)3SiO0.5, D-units: (CH3)2SiO, T-
units: (CH3)SiO1.5. In order to facilitate their reference siloxane based fluids are usually 
referred based after the number of siloxide groups and not after their chemical name. [20] 

The mentioned investigations allowed narrowing the potential families to a list of highly 
common organic fluids used in mainstream industries as cosmetics, petrochemical, 
refrigeration and, obviously, commercial ORCs. [10] [8] [21][19]. The full list is attached in 
Appendix 8.3, but due to the nature of this investigation it was evaluated and narrowed 
based on the following criteria: 

 
1. Belonged to the previously defined families. 

 
2.  Zeotropic were not considered, as their chemical stability is not guaranteed at 

the respective operative temperature. 
 

3. The critical temperature of the fluid had to be higher than 150 C, to assure that 
non-recovered energy was under practical levels.  

 
4. A molecular based fundamental equation of state has to to be available for 

modeling and program on EES. 
 

5. The auto-ignition temperature TAI has to be higher than 300 C, this allowed 
some room for superheating without compromising the real-life applicability 
and the chemical stability of the analyzed fluid.  

 
6. Fluids belonging to the same family, with fairly similar behavior, and critical 

conditions were simulated for only one of the cases. 
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7. Cyclic siloxanes were discarded because previous investigation concluded 
that the power output in these cycles is considerably lower than the ones 
using linear siloxanes.  [21] 

 
The fluids that complied with these criteria are presented in Table 4 and correspond to 

the analyzed fluids in this investigation. 

Table 4: Organic Fluids for analysis. 

Substance	
Organic	Fluid	

Family	
Molecular	
Formula	

TCritical	 PCritical	 TAuto	Ignition	 DensityCritical10	
[C]	 [Bar]	 [C]	 [Kg/m3]	

n-Butane	 Alkanes	 C4H10	 151.05	 39.22	 364.85	 364.85	
MM	 Siloxanes	 C6H18OSi2	 245.55	 19.25	 340.00	 340.00	
MDM	 Siloxanes	 C8H24O2Si4	 290.98	 14.15	 350.00	 350.00	
Toluene	 Aromates	 C6H5CH3	 318.65	 41.09	 480.00	 480.00	
m-Xylene	 Aromates	 C8H10	 343.90	 35.41	 527.00	 527.00	
o-Xylene	 Aromates	 C8H10	 357.18	 37.32	 463.00	 463.00	
MD4M	 Siloxanes	 C14H42O5Si6	 380.10	 8.78	 418.00	 418.00	

 
As the considerations state all these fluids are listed in the fluid database present in the 

EES Software. The equations to perform fluid modeling is a constant matter of debate among 
researchers; some favor molecular based equations of state versus multi-parameter based 
equations, being the later the ones used by EES. This and other modeling intrinsic induced 
errors were ignored due to the theoretical nature of this research. 

3.1.3 SIMULATION RESULTS 

 
Once the studied fluids and the heat source inputs were defined, the simulation stage 

was ready to be run for the different cases. The first step consisted on establishing a 
comparison scenario with the ideal Carnot cycle for both heat sources. As this case cannot be 
calculated through the respective modeling code, the calculation was performed in a 
theoretical manner. In order to better visualize the energy flow in gas turbines a Sankey 
Diagram was created. The idea was to evaluate the amount of available energy that is 
actually wasted and by which mechanisms, acquiring the notion of the actual fraction of non-
used energy that is contained in the flue gases. The mentioned diagram is presented in 8. 

                                                        
 
10 The density given is at critical conditions.  
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Figure 8: Sankey Diagram of an average Gas Turbine without heat recovery. 
 
Figure 8 shows the other energy losses and demands the inclusion of an exhaust heat 

factor. This factor accounts for the actual share of the total waste energy that is contained in 
the flue gases. In this case an average of 15% of the waste energy is lost as heat through the 
turbines outer shell and as friction. 

The mentioned factor was used to calculate the available waste heat. It was estimated by 
the difference between the total primary energy input and work output multiplied by the 
heat factor. 

The Carnot efficiency was then obtained and the Carnot Power Outlet was estimated 
through the product of the available heat and the Carnot’s efficiency. Table 5 shows then this 
ideal exergy results for each of the gas turbines. 

Table 5:  Ideal ORC (Carnot) available heat and power output for Gas Turbine Exhaust. 
Source
Model	

PowerRated	 ηThermal	 TExhaust	 ηCarnot	 Exhaust	
Heat	Factor	

Available	HeatIdeal	 PowerCarnot	
[MW]	 [Dim]	 [C]	 [dim]	 [MW]	 [MW]	

SGT100	 5.05	 0.302	 545	 0.605	 0.85	 9.91	 6.00	
SGT200	 6.75	 0.313	 466	 0.563	 0.85	 12.58	 7.09	
SGT300	 7.9	 0.306	 542	 0.604	 0.85	 15.24	 9.21	
SGT400	 12.9	 0.348	 555	 0.610	 0.85	 20.57	 12.56	
SGT500	 19.06	 0.337	 369	 0.498	 0.85	 31.91	 15.88	
SGT600	 24.48	 0.336	 543	 0.605	 0.85	 41.15	 24.88	
SGT700	 32.82	 0.372	 533	 0.600	 0.85	 47.08	 28.23	
SGT750	 37.03	 0.395	 459	 0.559	 0.85	 48.26	 26.99	
SGT800	 47.5	 0.377	 541	 0.604	 0.85	 66.81	 40.32	
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In the case of the IC Engines the losses are more varied as can be seen in its respective 
Sankey Diagram. 

 

 
Figure 9: Sankey Diagram of an average IC Engine without heat recovery. 

 
Figure 9 shows that the wasted energy in an IC Engine is conformed by the heat 

removed in the cooling and lubricating system, friction and heat dissipation through the 
engines shell, beside the analyzed exhaust heat. Added up, this additional energy leaks 
accounting for almost 50% of the energy waste. Taking this into consideration Table 6 was 
built to show the ideal exergy of the available energy to be recovered in IC Engine models. 

Table 6:  Ideal ORC (Carnot) available heat and power output for IC Engine Exhaust. 
Source	
Model	

PowerRated	 ηThermal	 TExhaust	 ηCarnot	 Exhaust	
Heat	Factor	

Available	HeatIdeal	 PowerCarnot	
[MW]	 [Dim]	 [C]	 [dim]	 [MW]	 [MW]	

20V34DF	 8730	 0.4480	 380	 0.505	 0.5	 5.38	 2.72	
18V50DF	 16621	 0.4727	 400	 0.521	 0.5	 9.27	 4.83	
20V34DF	 8730	 0.4430	 335	 0.470	 0.5	 5.49	 2.58	
18V50DF	 16621	 0.4398	 377	 0.504	 0.5	 10.58	 5.33	
20V32GD	 8924	 0.4592	 349	 0.481	 0.5	 5.26	 2.53	
18V46GD	 17076	 0.4677	 346	 0.479	 0.5	 9.72	 4.65	

 
Once the contrast results were calculated, the first model runs intended to establish the 

ranges in which the control parameters would be evaluated and to determine the location of 
the pinch point for each fluid.  The criteria to create these ranges were introduced in the 
methodology and in order to ratify these arrays the modeling of these boundary conditions 
was performed.  

These runs showed that in some cases the limit values had to be slightly corrected. 
Particularly for the parameters PParameter, Delta TSH and %Regen.  
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In the case of PParameter, it had to be varied to assure that the temperature profile of the cold 
stream would stay under the respective profile of the hot stream in the HRVG, and because 
of its effect in the MTD. This parameter influences the minimum temperature difference 
because it sets high operative pressure or evaporation pressure. Which in turn would 
establish the evaporation temperature of the organic fluid. The vaporization condition would 
shape the temperature profile in the cold stream and as can be seen in Figure 10 the location 
of the MTD. 

 

 
Figure 10: Temperature Profile for the ORC 

 
In Figure 10 three possible pinch point locations are shown, at points 8, 9 and 2. To 

achieve a high power output the attractive positions where either point 8 or 9. A MTD at 
Point 2 or a shared pinch point between 1 and 9 only occurred at a very low heat extraction 
condition from the source, which produced very low work output.  As the inlet temperature 
was a constant input, PParameter had to be altered to avoid this last case. This was performed by 
increasing the minimum in the range of this parameter, thus bringing it further away of the 
critical condition.  The fluids that suffered this altered scope were MD4M, m-Xylene and O-
Xylene. 

In the case of Delta TSH, the minimum had to be increased in some cases, to avoid that the 
expanding fluid would re-enter a change of phase state. This happened in the case of n-
Butane, Toluene and m-Xylene and it is due to the considerable inclination of the top part of 
the saturation curve that this fluids show. This range was also altered in every case to assure 
that it would not create modification on the pinch point location. 

 Finally in the cases of n-Butane and Toluene, the maximum percentage of recuperated 
post expansion energy had to be reduced, because if the total amount of available energy had 
been recuperated, it would over-increase the enthalpy and thus the temperature of the 
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organic fluid entering the HRVG. Creating an inconsistency in the heat transfer condition 
occurring at this element.   

The final considered ranges and pinch point locations are shown in Table 7 for the Gas 
Turbine Sources. 

Table 7: Ranges and Pinch Point Analysis Gas Turbines 

Substance	
Pinch	Point		
Location	

PParameter	[bar]	 Delta	TPP	[C]	 Delta	TSH	[C]	 %	Regen	
Low	 High	 Low	 High	 Low	 High	 Low	 High	

MM	 Point	8	 0.5	 18.5	 10	 30	 0.5	 93.5	 0.1	 0.99	
MDM	 Point	8	 0.5	 13.5	 10	 30	 0.5	 48.1	 0.1	 0.99	
MD4M	 Variable	 3.5	 8.5	 10	 30	 0.5	 15	 0.1	 0.99	
n-Butane	 Point	8	 0.5	 32	 10	 30	 3	 150	 0.1	 0.97	
Toluene	 Variable	 0.5	 41	 10	 30	 1	 15	 0.1	 0.98	
m-Xylene	 Variable	 0.5	 35	 10	 30	 1	 20	 0.1	 0.99	
o-Xylene	 Variable	 3.1	 37	 10	 30	 0.5	 50	 0.1	 0.99	

  
Table 8 shows the values for the respective IC Engines sources, with particular 

differences due to the lower inlet temperature of this equipment.  

Table 8: Ranges and Pinch Point Analysis IC Engines  

Substance	
Pinch	Point		
Location	

PParameter	[bar]	 Delta	TPP	[C]	 Delta	TSH	[C]	 %	Regen	
Low	 High	 Low	 High	 Low	 High	 Low	 High	

MM	 Point	8	 0.5	 18.5	 10	 30	 0.5	 59.5	 0.1	 0.99	
MDM	 Point	8	 0.5	 13.5	 10	 30	 0.5	 14.1	 0.1	 0.99	
MD4M	 Variable	 5.2	 8.5	 10	 30	 0.5	 15	 0.1	 0.99	
n-Butane	 Point	8	 0.5	 32	 10	 30	 3	 150	 0.1	 0.97	
Toluene	 Variable	 0.5	 41	 10	 30	 1	 25	 0.1	 0.98	
m-Xylene	 Variable	 7.9	 35	 10	 30	 1	 20	 0.1	 0.99	
o-Xylene	 Variable	 12.4	 37	 10	 30	 0.5	 50	 0.1	 0.99	

 
This preliminary analysis showed the need of a uniform modeling procedure. It started 

by setting in every case the pinch point at point 8 (Organic fluid inlet to the HRVG). Which 
was changed to point 9 (Saturated liquid condition for the respective fluid) for the range 
values in which the MTD appeared in this position. This usually appeared on the low values 
of PParameter. 

The result gathering process continued into determining the optimal values in which 
each fluid based ORC would deliver the highest power. The approach to obtain these 
configurations was to model each of the control parameters on its own full range, while 
maintaining the rest of them constant. To avoid inconsistencies the order in which this was 
performed was also relevant because the most independent parameters should be modeled 
first, optimized and then followed by the subsequent control variables. 
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Therefore the first parameter to be analyzed was PParameter, which was only dependent of 
the inlet exhaust temperature and the critical pressure.  The second parameter was Delta TPP, 
which was totally independent of the rest of conditions, but as the previous selections might 
modify the location of the pinch point it was modeled succeeding.  After the two previous 
control parameters were defined and optimized, it was possible to introduce superheating, 
by modifying the third parameter Delta TSH. All the previous parameters defined the 
possibility, amount and behavior of recuperation energy, controlled by %Regen. 

The final step to found these optimal configurations was to pair the control parameters 
with each of the heat source units. As this investigation aimed to match 15 particular heat 
sources with 7 fluids, a one by one evaluation would have been too time consuming.  
Therefore, the procedure of analyzing the boundary conditions to extrapolate the behavior in 
the full range was implemented again. In this case the limit elements were the models of 
each type of heat source that presented the highest and lowest exhaust temperature. Figure 
11 shows the results for the lowest exhaust temperature Gas Turbine. 
 

 
Figure 11: Control parameters results with Lowest THS [2] Gas Turbine, SGT-500, as a source. 
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The first graph, in the upper left corner of Figure 12, shows the power outlet of each 
fluid-based ORC while varying PParameter and keeping the rest control variables constant at 
their minimum values. Beside it, is the case when Delta TPP was altered, as the rest of factors 
are kept constant, including PParameter that, has been reset to its optimal state. On the lower left 
side the graph displays the behavior of modifying Delta TSH, maintaining the previous two 
parameters in a constant optimized condition and %Regen at the minimum value.  Finally on 
the lower right of the Figure is the result of varying %Regen while the 3 other constraints are 
constant at their respective optimal value.  

The graph also allows to observe the fluid behavior and to clearly point out the optimal 
state of each control parameter.  Plus it also allows seeing the flexibility of the fluid in 
multiple operation points, and how wide is the optimal state for each parameter. This data 
would be later used to compare different fluids. The procedure was repeated for the other 
boundary condition. Figure 12 shows the modeling of the highest exhaust temperature Gas 
Turbine, SGT400. 

 

 
Figure 12: Control parameters results with highest THS [2] Gas Turbine, SGT-400, as a source. 
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The PParameter, and Delta TSH, show a rather more definite pattern in this case because, as 
explained before, in Figure 12 the high temperature source presented a definitive pinch point 
in position 8 for all the cases, while in Figure 11 there was a variable pinch point for the 
fluids previously mentioned. If contrasted, these particular fluids are the ones that present an 
erratic behavior. 

Once the boundary conditions have been evaluated it was time to perform an 
extrapolation that would define an optimal state for the full range of gas turbine models. 
Usually the highest power output values would have been achieved at the same point in 
both limits, which would instantly define the optimal condition, but this trend was disrupted 
in the variable pinch point location cases. Therefore in order to achieve a single optimal state 
in these cases as well, an average value between the two limit settings was considered for 
each respective parameter. The pinch point was varied according to each gas turbine model. 
This average was not calculated through the arithmetic average formula but in order to get a 
similar de-rating in power output in both boundary conditions. The final optimal values and 
their power output are presented in Table 9.  

Table 9:  Optimal Values for the Gas Turbine Heat Source 

Organic	
Fluid	

PParameter	

(Max)	
Delta	TPP		
(Max)	

Delta	TSH	
(Max)	

%Regen	
(Max)	

PowORC	Single	Max	 PowORC	Average	Max	
Low	THS[2]	 High	THS[2]	 Low	THS[2]	 High		THS[2]	

[Bar]	 [C]	 [C]	 [C]	 [MW]	 [MW]	 [MW]	 [MW]	
MM	 0.5	 10	 0.5	 0.99	 5.356	 4.169	 5.356	 4.169	
MDM	 0.5	 10	 0.5	 0.99	 4.94	 4.339	 4.94	 4.339	
MD4M	 5.7	 10	 0.5	 0.99	 3.42	 3.535	 3.418	 3.527	
n-Butane	 0.5	 10	 40	 0.97	 4.47	 3.239	 4.47	 3.239	
Toluene	 0.75	 10	 9	 0.5	 7.05	 5.095	 6.826	 4.88	
m-Xylene	 26	 10	 1	 0.99	 6.426	 5.183	 6.126	 4.734	
o-Xylene	 31	 10	 0.5	 0.99	 6.318	 5.189	 6.291	 4.229	

 
The differences in the mentioned de-rating of power output were presented in the table 

by stating the single maximum output and the average highest. As might be seen in Table 8, 
these reductions are under 10% of the optimal value and therefore don’t represent a major 
setback to analyze the full range of gas turbines. Therefore these values would later be used 
to run the simulation of each gas turbine model, and determine the power output of their 
respective ORC.  

The same procedure was then repeated for the IC engine heat sources. The unit that 
presented the lowest exhaust temperature is 20V34DF running on liquid fuel. The one that 
presented the highest exhaust temperature was the 18V50DF model running on Gas Fuel. 
Figure 13 shows the results for the low temperature unit, the order and procedure to 
evaluate each of control parameters continued to be the same as described for the gas 
turbines. 
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Figure 13: Control parameters results with lowest THS [2] IC Engine, 20V34DF, as a source. 

 
Figure 13 depicts similar results as the previous cases where the analyzed source was the 

Gas Turbines, although more consistency particularly in the PParameter variable is shown. This 
explanation goes back as well to the nature of the pinch point variation for this case. As it 
was explained for Figure 11 a low heat source inlet temperature would set the MTD in 
position 9. This was the case for this model that presents a rather low inlet temperature, 335 
C. At this points particular trends might be inferred, this because although each source is 
rather different there is certain consistency in the data. The behavior for PParameter, is as a 
parabolic curve, with sudden decreases as the high-pressure moves apart of the critical 
pressure. Delta TPP shows a linear behavior as the MTD difference increases. Delta TSH is 
perhaps the most erratic factor due to the different conditions establishing it, but it is certain 
that in most cases, with the exception of n-Butane, which shows relatively poor results, there 
is considerable reduction in power output, as superheating is implemented. Plus overall 
there is a relatively small gain in power output as higher recuperation is implemented, 
although this is not certain for every case. These trends are only ratified by the results of the 
high temperature IC Engine, which are presented in Figure 14. 
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Figure 14: Control Parameters results with highest THS [2] IC Engine, 18V50DF, as a source. 

 
Finally the same procedure to equalize the optimal values in the cases that presented 

discrepancies was performed.  The results including, the contrast between single and 
average maximums are presented in Table 10. 
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o-Xylene	 27.4	 10	 0.5	 0.1	 0.9038	 2.195	 0.7655	 2.059	
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Both Table 9 and Table 10 showed consistency among the full range of sources as 
single maximums and average maximums are equal or similar in all the cases. The slight 
variations are, as explained before, due to a variation in the pinch point among sources. It is 
important to remark that the high temperature sources presented a static pinch point in 
position 8, thus the stability that they present in Figures 12 and 14.  As for the low 
temperatures at pressures close to the critical state, which was usually the optimal state, the 
MTD was at point 9 but as the differences widen, the pinch point shifted to position 8. 

The full understanding of the behavior of the modeled ORCs achieved through the 
analysis of the boundary conditions enabled the modeling of the full range of heat sources.  
The analysis started with the previously presented models of Gas Turbines.  In each case the 
control parameters were fixed to the results exposed in Table 9 and each unit was evaluated, 
while keeping a strict control of the location of the pinch point.  Figure 15 shows the results 
of each of the eventual fluid-based ORCs fitting each of the Gas Turbine models.  

 

 
Figure 15: Power of the ORC versus Power of each Gas Turbine 

 
The consistency expected in the previous boundary analysis is confirmed here because 

except for the case of MD4M, there are no crossings between fluids for the full range of gas 
turbine models. Interesting enough this crossing occur for the previously analyzed boundary 
condition, the SGT-500 model. The inconsistency is bounded again to the occurrence of the 
variable pinch point. In this case this situation occurs in detriment of the fluid’s performance 
because when the average value is modified there is a shift in the pinch point location for 
this particular gas turbine model, reducing the power output, thus generating the crossing 
with the n-Butane trend line. Table 11 presents the thermal efficiencies of each of these ORCs. 
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Table 11:  Thermal Efficiencies of the ORC Cycles for Gas Turbine Heat Sources 
Gas	Turbine	 Fluid	

Model	
Pow_HS	 MM	 MDM	 MD4M	 n-Butane	 Toluene	 m-Xylene	 o-Xylene	
[MW]	 n_elec_ORC	[dim]	

SGT	100	 5.05	 0.2425	 0.2838	 0.2695	 0.1731	 0.2563	 0.2634	 0.2498	
SGT	200	 6.75	 0.2425	 0.2838	 0.2695	 0.1731	 0.256	 0.2633	 0.2498	
SGT	300	 7.9	 0.2425	 0.2838	 0.2695	 0.1731	 0.256	 0.2634	 0.2498	
SGT	400	 12.9	 0.2425	 0.2838	 0.2695	 0.1731	 0.256	 0.2634	 0.2498	
SGT	500	 19.06	 0.2425	 0.2838	 0.2695	 0.1731	 0.256	 0.2634	 0.2498	
SGT	600	 24.48	 0.2425	 0.2838	 0.2695	 0.1731	 0.256	 0.2634	 0.2498	
SGT	700	 32.82	 0.2425	 0.2838	 0.2695	 0.1731	 0.2563	 0.2633	 0.2498	
SGT	750	 37.03	 0.2425	 0.2838	 0.2695	 0.1731	 0.256	 0.2633	 0.2498	
SGT	800	 47.5	 0.2425	 0.2838	 0.2695	 0.1731	 0.2563	 0.2634	 0.2498	

 
The efficiency of the ORC is calculated through Equation 14, the constant nature of this 

result shows that the enthalpy difference of the heat extraction for each of the analyzed 
sources keeps a constant ratio with the enthalpy difference that generates the power output, 
thus behaving in a coherent manner for all the sources. The next step was to analyze the 
power output of the ORC and Gas turbine bundle. 

 

 
Figure 16: Total Power of Gas Turbine with ORC versus Power of each Gas Turbine 

 
These performances were compared to the original power output of the Gas Turbines, 

graphed in Figure 16 as Baseline. From this Graph is it important to notice that there is not 
proportionality in the overall power output of the ORC as the Gas Turbine growths. On the 
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contrary as the size of the heat source increases the proportional factor increases and at the 
end the added capacity rises to almost 50% of the original value. Further analysis is 
performed in the discussion but the impact of this behavior has an impact on the overall 
efficiency as seen in Figure 17.  
 

 
Figure 17: Total Efficiency Gas Turbine with ORC versus Power of each Gas Turbine 

 
From the analysis of this set of graphs a clear distinction of 3 groups can be performed, 

the Aromates with outstanding results, MM and MDM with intermediate results and MD4M 
and n-Butane that as seen in the previous single simulations showed poor results. 
From Table 11 and Figure 17 should be noticed that analyzing relatively the efficiency of the 
ORC, might be misleading. The ORC efficiency only shows how capable is the cycle to 
transform the extracted heat in exergy, but although the cycle can transform energy very 
efficiently this might not translate in considerable power outputs, as is the case with MD4M.  

On the other hand when the analyzed factor is the total efficiency, calculated through 
equation (16), a clearer panorama regarding the power output is extracted. The results 
graphed in Figure 17, are perhaps the best support towards the use of ORCs as bottoming 
cycle for Gas Turbines. The results show an addition of up to 15% on the overall efficiency, 
which translates in a considerable power gain without increasing the fuel consumption.  

The same analysis was performed for the IC Engine examined sources. It is important 
to remark that, due to the industry practices in IC Engine based power plants, situation that 
was presented in the source examination section, the models analyzed consist of two 
independent groups of sources, one set around the 8 MW capacity and the other one around 
16 MW. Also that although two points give away the same value on the x-axis one presents 
that specific engine running on gas fuel, presented at the left side, and on the performance 
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with liquid fuel presented at the right side.  Taking into account this considerations the 
results for the power output of the optimal ORC for each fluid and each IC Engine model is 
presented in Figure 18. 

 

 
Figure 18: Power of the ORC versus Power of each IC Engine 

 
Figure 18 presents a few more crossovers than those seen in Figure 15. This behavior is 

not related to the ORC but to the inputs of the Heat source. The models examined run under 
dissimilar characteristics, which in turn produce unrelated exhaust temperatures and mass 
flows. This variable performance explains the few crossovers in the different analyzed fluid 
based ORCs, but the trend was clear enough to still distinguish between fluid performances. 
As with the previous cases the thermal efficiencies for these cycles were also tabulated. 

Table 12:  Thermal Efficiencies of the ORC Cycles for IC Engine Heat Sources 
IC	Engine	 Fluid	

Model	
Pow_HS	 MM	 MDM	 MD4M	 n-Butane	 Toluene	 m-Xylene	 o-Xylene	
[MW]	 n_elec_ORC	[dim]	

20V34DF	 34	 0.2425	 0.2838	 0.2186	 0.1731	 0.2021	 0.2139	 0.2144	
20V34DF	(LF)	 34	 0.2425	 0.2838	 0.2186	 0.1731	 0.2021	 0.2139	 0.2144	
20V32GD	 32	 0.2425	 0.2838	 0.2186	 0.1731	 0.2021	 0.2139	 0.2144	
18V50DF	 50	 0.2425	 0.2838	 0.2186	 0.1731	 0.2021	 0.2139	 0.2144	

18V50DF	(LF)	 50	 0.2425	 0.2838	 0.2186	 0.1731	 0.2021	 0.2139	 0.2144	
18V46GD	 46	 0.2425	 0.2838	 0.2186	 0.1731	 0.2021	 0.2139	 0.2144	
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As expected this values were also constant among the range of sources and depending 
on the optimal control parameters might as well be the same than in Table 10. The next step 
was to analyze the total power of the ORC equipment added to each IC Engine. 
 

 
Figure 19: Total Power of IC Engine with ORC versus Power of each IC Engine 

 
In Figure 19 is also evident the two groups of power capacities in the IC Engine sources. 

Although as the baseline shows, there is also an increased ratio of power output, due to an 
increase in a non-proportional rise of exhaust gases mass flow. The total efficiency was also 
plotted for the total range of IC Engine models. 

 

 
Figure 20: Total Efficiency of IC Engine with ORC vs. Power of each IC Engine 
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The total efficiency shows a smaller efficiency improvement than in gas turbines, which 

is around 5%, because as explained, the available heat is smaller. 
 The analysis of the IC Engines confirms the distinction between Aromates, with and 

excellent performance, the siloxanes MM and MDM with an intermediate performance, and 
finally MD4M and n-Butane that continue to show poor results.  

3.1.4 PRE SELECTION MATRIX 

 
At this moment the results showed the full panorama of the behavior and capabilities of 

the different analyzed ORCs. It was possible then to discard some of the possibilities, as they 
were no longer relevant for the next two steps of the investigation, the environmental and 
economical analysis. 

In order to do so, two comparative matrixes were built one focusing on the power, 
efficiency and collection of the waste heat, to determine the cases that would derive the most 
benefits and on the other side the size of the ORC, which as expected would be accompanied 
of a higher cost. To analyze the behavior of the full set of units, average values representing 
each fluid were calculated. These values are presented in Annex 9.6. Using these quantities, 
first a comparative power output matrix was built for the gas turbines. 

Table 13: Gas Turbine Power Output Matrix 

Substance	
	

Power	Output	 Efficiency	 HRVG	Used	 Overall	
Result	PowORC	 ηTotal	 QHRVG	

MM	 5	 5	 5	 15	
MDM	 4	 4	 6	 14	
MD4M	 6	 6	 7	 19	
n-Butane	 7	 7	 2	 16	
Toluene	 1	 1	 1	 3	
m-Xylene	 2	 2	 4	 8	
o-Xylene	 3	 3	 3	 9	

 
Table 13 shows the results of the evaluation of the 3 factors from one to seven, being the 

lowest value for the cycle, the one that achieves a larger share in each element. The final 
addition allowed attaining a grasp of which fluid fulfilled to produce the higher power 
output, with the highest efficiency and used the largest quantity of waste heat, which is the 
main objective of a bottoming cycle. It was important to study these three factors, as the 
regenerated heat can tend to produce added power, with relative high efficiency, but not 
using effectively the waste heat resource.  As it may be seen, the fluid with best 
thermodynamic performance is Toluene. The impact of this additional ORC Cycle and its 
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operation were easily understood if it is implemented in the Sankey Diagram of Figure 8. 
Figure 21 shows the results of this diagram. 

 
Figure 21: Sankey Diagram of an average Gas Turbine with ORC. 

 
The second table intended to evaluate which cycle was composed of the smallest 

components, disregarding the power output. The individual elements where evaluated 
according to the amount of energy, in the form of heat, or work they handled. The scale was 
the same as in the previous table, 1 to 7, from the smallest to the largest. Three other 
parameters were also assessed. First the volumetric flow, calculated through the known mass 
flow and the fluid density, and examined from the smallest to the highest quantity as well. 
Plus, the evaporation pressure or high pressure of the cycle graded under the same scale. 
And the third and final factor was the condenser pressure, which was evaluated from closest 
to furthest from the ambient pressure, 1 bar. The size assessment is shown in Table 14. 

Table 14: Gas Turbine Component Size Matrix 
	
Substance	

Size	 Factors	 Overall	
Result	QHRVG		 QRegen	 QCond	 PowORC	 PEvap	 VolFlow	 PCond	

MM	 3	 5	 3	 3	 5	 4	 1	 24	
MDM	 2	 6	 2	 4	 4	 6	 5	 29	
MD4M	 1	 7	 1	 2	 1	 7	 6	 25	
n-Butane	 6	 4	 7	 1	 6	 5	 7	 36	
Toluene	 7	 1	 6	 7	 7	 1	 2	 31	
m-Xylene	 4	 3	 4	 6	 3	 3	 3	 26	
o-Xylene	 5	 2	 5	 5	 2	 2	 4	 25	
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The same method was executed for the IC Engine Results, starting with a matrix for the 
power output values. 

 

Table 15: IC Engine Power Output Matrix 

Substance	
	

Power	Output	 Efficiency	 HRVG	Used	 Overall	
Result	PowORC	 ηTotal	 QHRVG	

MM	 4	 4	 5	 13	
MDM	 5	 5	 6	 16	
MD4M	 7	 7	 7	 21	
n-Butane	 6	 6	 4	 16	
Toluene	 1	 1	 1	 3	
m-Xylene	 2	 2	 2	 6	
o-Xylene	 3	 3	 3	 9	

 
Table 13 and Table 15 present slight differences but confirm the results in the graphs of 

the previous sections, particularly on the poor performance of MD4M and n-Butane. Is for 
this reason that it was decided that although they present rather small components their 
power output is too low and further analysis would not be relevant. As they wouldn’t be 
effective in balancing the benefits of the power output, with the low capital cost of a small 
ORC. On the other hand, Toluene stands out again as the best performing fluid. Its impact 
was observed in the respective Sankey Diagram.  
 

 
Figure 22: Sankey Diagram of an average IC Engine with ORC. 
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To finish the analysis of contrast between power output and size, Table 16 was 
implemented contrasting the sizes of each the ORCs for the IC Engine sources. 

 
 

Table 16: IC Engine Component Size Matrix 
	
Substance	

Size	 Factors	 Overall	
Result	QHRVG		 QRegen	 QCond	 PowORC	 PEvap	 VolFlow	 PCond	

MM	 3	 5	 3	 4	 6	 4	 1	 26	
MDM	 2	 6	 1	 3	 5	 5	 5	 27	
MD4M	 1	 7	 2	 1	 1	 7	 6	 25	
n-Butane	 4	 4	 4	 2	 7	 6	 7	 34	
Toluene	 7	 1	 7	 7	 4	 2	 2	 30	
m-Xylene	 6	 2	 6	 6	 3	 3	 3	 29	
o-Xylene	 5	 3	 5	 5	 2	 1	 4	 25	

 
The previous analysis cleared several facts that allowed discriminating which cycles 

were relevant to investigate in the further sections. First, as mentioned, Toluene consistently 
emerges as the fluid with the best power output behavior. Therefore it was taken as the 
benchmark for the optimal ORC from a performance point of view.  It is followed in 
potential by o-Xylene, which brings out a good reference point, because it has a very small 
derating, belongs to the same chemical family but requires considerably smaller components. 
Consequently it was a configuration that was also taken into consideration.  The third further 
tested option is the siloxane MM, which allowed seizing the impact that a fluid from a 
different family might have.  

To assure the practical viability of the proposed cycles, the absolute values of the 
selected ORCs for further a 15% de-rating factor was applied. The idea is that this factor will 
account for the assumptions considered for the model simulation. The factor is not arbitrary, 
but is based on the comparison of the few experimental and commercial applications of the 
analyzed sources with ORC to the results of this investigation. [25]    

The next step in the comprehensive analysis was to assess the environmental impacts. 

3.2. ENVIRONMENTAL IMPACT ANALYSIS 

Environmental Impacts in power generation technology are in most cases, a 
consequence of either the primary energy fuel used or some of the processes and materials 
bounded to the specifics of the conversion technique. In order to group the environmental 
hazards in an efficient manner this separation was followed.  First it was analyzed the two 
primary energy fuels. Followed by the inspection of common environmental affectations in 
Large Combustion Plants (LCPs), which where then contextualized to realize the particular 
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degree in which they occur for each of the analyzed heat source technologies. Finally the 
scenarios were contrasted with the addition of ORCs as bottoming cycles. 

 
 

3.2.1 IMPACTS FROM FOSSIL FUEL EXTRACTION, REFINING AND TRANSPORTATION 

 
The context section introduced the nature and dominance as primary energy sources of 

Natural Gas and Crude Oil.   
Crude oil or Petroleum is a natural occurring liquid located in geological formations, 

consisting of hydrocarbons of various molecular weights. Several types of crude oil 
reservoirs exist often refer as conventional and unconventional oil. Conventional oil consists 
of a pressurized fluid in an impermeable deposit that states on a liquid state. Unconventional 
oil includes shale oil and oil sands that require for chemical process to liberate liquid 
unrefined fuel.  

Natural Gas (NG) consists of a hydrocarbon mixture, consisting primarily of methane. 
Originally it was created in the extraction process of crude oil when the pressure was 
decreased as the fluid emerged to the surface the vaporization occurred. Although in recent 
years new sources have emerged including shale, tight, deep and coal-bed gas. 

In order to obtain these fuels the process starts in the reservoir drilling, which has 
evolved considerably during the years. This is followed by the extraction, which includes 
very particular techniques.  

Fossil Fuels extraction techniques include pumping, secondary and tertiary recovery. 
Pumping is basically the extraction of the fluid by the addition of pressure and reservoir by a 
pump jack. Secondary recovery involves the injection of gas and/or liquid to further 
pressurize the reservoir and assure flow to the wellhead. And tertiary not only involves the 
injection of fluids for pressurization but the injection of a mixture of water, sand and 
chemicals at high pressure that will create fractures liberating multiple oil, but specially gas 
pockets and eventually transforming these fractures into conduits allowing the fluid to flow 
to the well head. 

The extracted oil is refined into several different fluids with multiple uses as raw 
materials and Energy Sources. Refining is divided in two phases; the first one consists on 
desalting of crude oil and the subsequent distillation into its various components or 
‘fractions’. The second phase groups several chemical processes that aim to break, combine, 
and reshape the fractions. The goal of these processes is to convert some of the distillation 
fractions into marketable petroleum products.  

In the case of LCPs the liquid fuels they consume include Diesel, Light Fuel Oil (LFO), 
Heavy Fuel Oil (HFO) and refinery bottom product (RBP), also known as tar.  
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Table 17 shows the properties of these different products remarking the different heating 
values, of this fluid thus their ability to produce power. As expected further refining 
increases this rate and reduces the pollutants in the fuel, but increases the cost. 

 
 

Table 17: Typical characteristics of Liquid Fuels from Crude Oil refining.11 
Substance	 Unit	 Diesel	Oil		 LFO	 HFO	 RBP	

C	 %	 83-88	 85-89	 84-90	 85-88	
H	 %	 12-13	 11-13	 10-13	 8-12	
S	 %	 0.1	 <0.1	 <1	 1-4	

H2O		 %	 0	 <0.02	 <1.5	 <0.5	
Sediment	 %	 0	 <0.1	 <0.25	 <0.2	
Sodium	 ppm	 -	 -	 1-200	 -	

Vanadium	 ppm	 -	 -	 1-200	 200-350	
HHV	 MJ/kg		 >46		 45	 41.5	–	44.5	 	39-41	
LHV	 MJ/kg		 >44	 42	 39.5	–	42	1		 38	-	40		

 
Production natural gas used on LCPs is cleaned in particular refining stations. The 

particularities of the refined natural (RNG) are shown in Table 18.  

Table 18: Typical characteristics of RNG.12 

Substance	 Concentration	of	RNG	
[%	mol]	

N2	 0-14	
CO2	 1-2	

CH4-C4H10	 84-99	
CO	 ≈0	
H2	 ≈0	

Sulphur	 ≈0	
Dust	 ≈0	

 
Followed by the refining then comes the transportation. In this stage is relevant to 

mention the case of natural gas that sometimes undergoes the process of liquefaction. 
Liquefaction is the process of condensing natural gas to reduce its costs of transportation.  

According to the European Commission the whole oil and natural gas extraction and 
refining process involve the following environmental impacts [27]: 

 

                                                        
 
11 Based on European Union (2013) [26] 
12 Based on European Union (2013) [25] 
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• Land subsidence: during the drilling and extraction process as pressure in the 
reservoir is reduced due to the fluid extraction, vast areas of surface might 
collapse and sink. 

• Induce seismicity: it occurs when a change in the pressure of the subsurface fluid 
enclosed in the stressed rock formation leads to movement of the fractured rocks. 

• Induced Landslides: Related with the two impacts already exposed, induced 
landslides are another problem, of a geophysical nature, that fossil fuel extraction 
could arise. 

• Noise Pollution: during the drilling, extraction and refining activities a 
considerable noise emission should be expected. 

• Risks associated to extraction techniques: As described previously, as the 
recovery of the fossil fuels increases complexity, it requires the injection of 
chemical combinations. The injected mixture not only consumes a considerable 
amount of water, as does secondary recovery, but also due to the high pressure 
might permeate, polluting underground water reservoirs. Furthermore, the 
separation of these fracturing fluids, from the fossil fuels might in turn produce 
air, solid and liquid polluting emissions. 

• Air pollution: raw fossil fuels contains high quantities of hydrocarbons, which 
will be the basis of their heating value and internal energy, but they also contain 
considerable amount of impurities that need to be separated and that in several 
cases transform themselves into air emissions. These impurities include GHG 
Gases (CO2), Carbon Monoxide (CO), NOX, SOX, Non-methane volatile organic 
compounds (NMVOCs) and fine particulates, including metals. 

• Water Usage: as commented water usage is a basic part of the drilling and 
extraction activities, but is also required in the refining process for steam, 
cooling, utility service and in the fire suppression system.  

• Water Pollution: water pollution occurs in every step of the fuel production 
process. During drilling and exploitation, water gets polluted with crude oil and 
chemicals require for fuel extraction. Added to this the water used for refining 
sub processes is polluted with dissolved hydrocarbons, H2S, NH3, Phenol, 
organic chemicals, cyanide and suspended solids including some naturally 
occurring radioactive material (NORM). Eventual liquefaction will also emit 
water in the form of vapor or liquid, which contain traces of the mentioned 
pollutants. 

• Solid Waste pollution: in the filtering of air and water pollution most techniques 
involve the flocculation of the solidified contaminants, therefore generating 
pollutant sludge or solid emissions of the mentioned pollutants. 
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• Land Usage and affectation on wildlife and vegetation: The extraction and 
refining process, as other industrial constructions are extensive and occupy 
relatively large extensions in rural areas, impacting the physical terrain and its 
surroundings.  

 
The analysis presented in this section overviewed the numerous impacts related only 

with Liquid and Gaseous Fossil Fuel acquirement, which will be the basic raw material of the 
LCPs in which the proposed ORCs might operate. It was time then to know the particular 
impacts that this facilities pose.  

3.2.2  ENVIRONMENTAL IMPACTS IN LARGE COMBUSTION POWER PLANTS (LCPS) 

 
 The hazards in LCPs are mostly linked to the combustion, their primary energy 

conversion mechanism. The EC summarizes the complete list of potential emissions from 
LCPs, and therefore combustion processes in the following table. [26] 

 

Table 19: Emissions on LCPs: processes, impacts and mean of emanation13 

Emanation	Type:	
A:	In	Air	W:	In	Water	S:	Solid	
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Fuel	Production	 Dependent	of	Fuel	
Fuel	storage	and	handling	 A	 	 	 	 W	 	 	 A	 	 	 	 	 	

Water	treatment	 W	 	 	 	 	 	 	 	 WS	 	 W	 	 	
Exhaust	Gas	 A	 A	 A	 A	 A	 	 A	 A	 A	 	 A	 A	 A	

Exhaust	Gas	Treatment	 W	 	 	 	 W	 	 	 	 	 	 	 	 	
Site	Drainage	(Incl.	Rainwater)	 W	 	 	 	 W	 	 	 	 	 	 	 	 	

Waste	Water	Treatment	 W	 	 	 	 W	 	 	 	 	 	 	 	 	
Cooling	Water	Blow	down	 W	 	 	 	 W	 W	 	 	 W	 W	 W	 	 	
Cooling	Water	Exhaust	 	 	 	 	 	 	 	 A	 	 	 	 	 	

 
Table 19 present a very wide panorama of the potential harms that the analyzed heat 

sources might carry. Although most of them only apply to more polluting technologies as 

                                                        
 
13 Based on European Union (2013) [25] 
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Carbon-fired power plants.  The impacts that apply for IC Engines and Gas Turbines and 
their mitigation techniques are: 
 

• Particulate Matter:  during the combustion, the mineral matter converts to ash 
and partly leaves the boiler as fly ash along with the flue gases. The 
characteristics and amount of fly ash depend on the fuel used. Technologies to 
mitigate the effects include electrostatic precipitators, fabric filters and wet 
scrubbers. In some cases cyclones and SO3 injectors are also used as auxiliary 
processes. These particles transform into solid wastage that must be properly 
disposed.  

• Sulfur Oxides: SOX are emitted from the combustion of most fossil fuels 
through oxidation of the sulphur contained in the fuel.  Main mitigation 
processes include wet scrubbers, spray dry scrubbers, sorbent injections and 
regenerative processes to obtain SO2 and Sulphur. These processes consist in 
the injection of a sorbent in a liquid or pulverized state. Usual sorbents 
include limestone, sodium and ammonia, among others.  The removal 
produces in turn emissions that might be solid for dry processes and liquid, 
for wet processes. These new emissions have to be depending on their 
influence, also treated. 

• Nitrogen Oxides: the formation NOX is governed by three basic mechanisms 
thermal, fuel and prompt. Thermal NOX, results from the reaction between the 
oxygen and nitrogen from the air. Fuel NOX, is formed from nitrogen 
contained in the fuel. Prompt NOX, is formed by the conversion of molecular 
nitrogen in the flame front during the presence of intermediate hydrocarbon 
compounds.  NO is the predominant compound in flue gases followed by 
NO2 and N2O.  In the case of the analyzed sources, most oxides of nitrogen are 
from thermal origin. Mitigation processes include selective catalytic reduction 
(SCR) and selective non-catalytic reduction (SNCR). SCR involves the use of a 
catalyst and a reductant, usually ammonia, to reduce NOX components to N2 
and H2O. SNCR, is not relevant for this investigation.  

• Carbon Oxides: they basically divide in the release of Carbon Monoxide and 
Carbon Dioxide. CO appears as an intermediate product of the combustion 
process, particularly in under stoichiometric combustion conditions. Its 
formation is an indication of unburned fuel and carries the risk of corrosion, 
in both cases also conveys a lost of efficiency. As expected the reduction of CO 
and other unburned hydrocarbons, CXHX is given by advanced combustion 
techniques.  CO2 on the other hand is one of the most dangerous greenhouse 
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gases, group in which also are classified gases as N2O, SF6 and CH4. These 
were analyzed in the next bullet. 

• GHG gases: are binding products of combusting and their mitigation is not 
simple, therefore three general schemes have been implemented. The first is 
reduction of GHG Emissions, through better thermal efficiencies. The second 
approach is the sequestration that consists in the capture and long-term 
storage of the pollutant; applied in the case of CO2. An the third tactic is “cap 
and trade” in which a cap or limit is given for the particular emanation and 
producers are allowed to buy or sell discharges around this limit in order that 
the total market stays under the authorized values.  

• Total Organic Compounds:  Although organic compounds refer chemical 
compound containing carbon in liquid, solid and gaseous stage. This 
classification refers to those organic compounds not mentioned in other 
sections, usually in suspension on water, requiring flocculation, removal and 
proper disposal. 

• Hydrogen Chloride/Fluoride: Cl- and F- are natural occurring ions present in 
fossil fuels.  The emission of these halogens depends on the number of factors: 
content in fuel, combustion technologies and the nature of the control 
emission processes. Usually these emissions are in the form of highly soluble 
acids, which can contribute to acid rain. In a positive aspect, though, most 
technologies that target Flue-Gas desulphurization (FGD) also target this kind 
of emissions. 

• Volatile Organic Compounds: VOCs in the flue gas represent unburned fuel, 
including then methane and other carbon-based compounds. As described in 
the case of CO, their presence is an indicator of poor combustion conditions.  
Persistent Organic Pollutants (POPs), including the previous mentioned 
compounds and PAHs are usually controlled through combustion control 
techniques that as mentioned involve capacity de-rating by burner, air and/or 
fuel modifications. 

• Mercury and Cadmium: Hg and Cd are two heavy metals that are of particular 
criticality in the mitigation of emissions from LCPs due to their high toxicity 
and difficulty to be removed from the combustion exhaust. In order to 
mitigate them the process involves speciation, the inclusion of additives, such 
as activated carbon, mixture with other pollutants as chloride and posterior 
removal in FGDs, ESPs and Fabric Filters. 

• Poly-Aromatic Hydrocarbons, Dioxins and Furans: as mentioned these three 
substances are considered persistent organic pollutants (POPs), their 
origination is bounded to the nature of the combustion process and most of 
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the mitigation action involves combustion control processes. Although the 
injection of activated carbon, upstream on bag filter also help to mitigate 
them.   

 
The issue was then to know at what extent these problems affected the examined heat 

sources.  This further analysis is investigated for each of the combustion technologies. 

3.2.3 PARTICULAR ENVIRONMENTAL IMPACTS OF GAS TURBINE POWER PLANTS 

 
As mentioned before gas turbine technology involve the combustion of gaseous fuel 

to be mixed with compressed air. The process has particular effects on air, water, soil and the 
surroundings. 

3.2.3.1 IMPACTS ON AIR QUALITY 

 
Refined Natural Gas, eliminates most of its pollutants during the refining allowing for a 

very clean combustion from a by-products point of view. Most of the emission 
considerations that should be addressed with gas turbines, are those related to the intrinsic 
nature of combustion. Table 18 shows the typical emission substances and their amounts 
from Gas Turbines.  Although in the case of this investigation only single fuel open cycles 
gas turbines were considered, in order to perform a comparison dual fuel open cycle 
turbines are presented as well. 

Table 20: Emissions to air from gas turbine based power plants.14 

Combustion	technique		

Rated	
Thermal	
Input	
[MWTh] 	

Emissions	to	air	[mg/Nm3]	
(Yearly	average	of	hourly	averages	at	15	%	O2	for	

turbines)		
NOx 	 Dust		 CO		 SOx 	

Single	Fuel	Gas	Turbine		 13	–	690		 6	–	335		 0.1	–	2		 2.4	–	225		 0.04	–	3		
Dual	Fuel	Gas	Turbine		 150	–	300		 40	–	180		 –		 6	–	80		 -		

Emission	Limit	for	GF	for	
Existing	Plant	(New	Plant)	 50-300	 300	(200)	 5(5)	 N/A	 35(35)	

 
Table 20 shows that in the gas turbine combustion process the particular pollutants 

include nitrogen, carbon, and sulfur oxides. Dust is also present in relatively small 
quantities.  It is important to notice that the particular type of turbines analyzed in this 
investigation, are single fuel open cycle gas turbines and produce a relatively dirtier 
combustion. 

                                                        
 
14 Based on European Union (Extract) (2013) [25] 



 
 

ME3 MASTER THESIS PROJECT  
FINAL REPORT 
2014 EDITION 

 
 

 
ME3 2014 Master Thesis Project : ORC for waste heat applications  59/109 
 

The main emissions that this equipment has to tackle are nitrogen oxides.  The 
abatement techniques to reduce this pollutant in gas turbines are: 

 
• Water Steam Injection:  it is performed by the injection of a mixture of fuel and 

water, or by the injection of steam through nozzles directly into the combustion 
chamber of gas turbines. The evaporation or superheating of steam requires 
thermal energy, which is then not available to heat the flame. Thus, the flame 
temperature decreases and NOX formation also reduces. This technology is used 
on existing gas turbines but is being displaced by other non-water consuming 
technologies.  
 

• Dry low NOX: DLN technologies consist in gas turbine burners that include 
air/fuel pre-mixing in order to obtain a lean mixture to be combusted and to cool 
down the flame. 

 
• Catalytic Solutions: the particular technology is SCR. Selective reduction of 

nitrogen oxides with ammonia or urea in the presence of a catalyst. The 
technique is based in the reduction of NOX to N2 in a catalytic bed by reaction 
with ammonia. This particular technology is widely used as it also tackles if 
necessary excessive CO emissions. 

 
Excessive sulphur in refined natural gas in the form of H2S is washed out in production 

site. Therefore, as might be seen in Table 20 meets SO2 emission standards. Thus SOX air 
emissions, although present, are not an environmental concern under normal operation and 
controlled combustion conditions.  

Furthermore excessive dust contained in the fuel is also washed out at the production 
site. This plus modern burners technology that reduces carbon oxides as fly ash emissions 
reduce this pollutants to the acceptable levels described in Table 20. 

3.2.3.2 IMPACTS ON WATER QUALITY 

 
During the analysis of the sources it was clear that for basic operation water is not 

needed in Gas Turbines, although further analysis showed that real applications not only 
requires the fluid, but produces liquid pollution. 

Water Consumption in the gas turbine divides in operational and maintenance 
purposes. The need for water for operational purposes is linked to the use of steam injection 
as a NOX reducing technique. If used this water escapes as steam in the Flue Gases. 

For maintenance, water is also used for washing the particular components particularly 
the turbine and compressor. Usually demineralized water is supplied to a separate water 
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wash unit. For offline washing, a detergent is added to the demineralized water to improve 
the cleaning effect. 

Water pollution from the gas turbines limits itself to these washing processes. It may 
have to be considered as a chemical waste, depending on the detergents used and the 
cleaned pollutants. Furthermore any water that is contaminated with oil or with fluids 
containing oil is usually collected into a collecting system and discharged separately to a 
treatment plant.  

3.2.3.3 OTHER IMPACTS 

 
Beside air and water affectations there are other areas in which gas turbine power plants 

produce affectation and should be analyzed. These areas are the following:  
 

• Noise Pollution: noise sources in the gas turbine power plants involve air suction, 
compressors, turbines, engines, buildings (including windows and ventilation 
systems), and transformers (audible tones 100 Hz and harmonics). Mitigation 
action involves the application of primary techniques, which reduce noise at 
source or by means of secondary techniques, which reduce noise propagation.  
 

• Thermal Pollution: beside the air emissions contained in the flue gas the high 
temperature in which the gases are released to the environment has an influence 
on the climate of the vicinity of the power plant, which if too intense might 
disturb cloud formation, and the region’s water cycle.  
 

• Land Usage: as any other construction project, this type of power plants would 
require a modification of the site and its vicinities. Careful planning should be 
performed in other for it not to affect residential areas, wildlife and/or natural 
scenery. 
 

• Solid Wastage: Small quantities of solid may be produced by the operation of gas 
turbines. Most of the residues are the product of subsidiary activities, as the 
mentioned maintenance and water treatment. The waste solids associated with 
these subsidiary activities may include scrap metal, used oil, packaging materials, 
detergents, used catalyst from the SCR process ion exchangers, and activated 
carbon.  

3.2.4 PARTICULAR ENVIRONMENTAL IMPACTS OF IC ENGINE POWER PLANTS 
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As previously exposed internal combustion or reciprocating engines have one or more 
cylinders in which fuel combustion occurs. It was also mentioned that gaseous or liquid fuels 
could ignite this process. This technology as well has effects in air, water, soil and its 
surroundings.  

3.2.4.1 IMPACTS ON AIR QUALITY 

 
In the case of internal combustion engines the process produces a larger amount of 

emanations and in a wider variety. In the case of Liquid fuels particularly it is because most 
of these pollutants are intrinsic to the fuel and are harder to eliminate in the refining process. 
Standard pollutant discharges of this equipment are shown in Table 21. 

 

Table 21: Emissions to air from Dual Fuel IC Engines operating on different fuels.15 

Fuel	
Emissions	to	Air	

[mg/Nm3]	 [µg/Nm3]	 [ng1-TEQ/	Nm3]	
SOx	 NOx	 NH3	 Dust	 CO	 TOC	 Cd,	Ti	 Hg	 Dioxins/Furans	

HFO	 100-560	 100-2500	 <1	 1-200	 40-200	 15-75	 0.004-0.01	 0.04-2	
Approx.	0.002	

LFO	 1-115	 1531-1751	 -	 6-27	 1-680	 -	 -	 0.0003	
NG	 0.14-5.1	 190-380	 -	 0.04-6.4	 42-116	 -	 -	 -	 -	
Lim	 400(200)	 400	(200)	 -	 50	(30)	 N/A	 N/A	 N/A	 N/A	 N/A	

 
Table 21 shows that the type of combustion and the specific composition of the fuel 

might affect considerably air emissions. In order to diminish these emissions IC Engines trust 
in primary control and end pipe techniques to control their emissions. The primary control 
measures target the main emissions, NOX, SOX and Particulate Matter are 

 
• Base Engine optimized for low NOX: The operational parameters of the IC 

Engine are establish for low NOX emissions. 
 

• Fuel Injection retardants: reduces the combustion temperature through the 
control of fuel injection. 

 
• Water Injection in the Combustion Chamber: similar operation as in the gas 

turbine. 
 

                                                        
 
15 Based on European Union (Extract) (2013), Global Rated Thermal Input [25] 
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• Exhaust Gas Recirculation: recirculation of part of the flue-gas to the combustion 
chamber to replace part of the fresh combustion air, having the double effect of 
cooling the flame temperature and limiting the O2 content for nitrogen 
oxidation, thus limiting the NOX generation. 

 
• Use “lean burn” technique when Gas Mode is used: The expression ‘lean burn’ 

describes the ratio of air-combustion/fuel in the cylinder, which is a lean 
mixture, i.e. there is more air present in the cylinder than needed for 
combustion, which control the combustion temperature. 

• Higher Engine Speed:  It modifies the combustion time in the cylinder, thus 
reducing the available time for NOX formation. 

 
End of pipe techniques include the previously mentioned: 

 
• Selective Catalytic Reduction (SCR) 
• Bag or Fabric Filter (BF) 
• Flue gas Desulphurization by dry sorbent injection (FGDds) 

3.2.4.2 IMPACTS ON WATER QUALITY 

 
Water consumption in IC Engines is mostly used for operational reasons and in 

subsystems for flue gas treatment. Basic consumption involves cooling water for the radiator 
systems and water injection as primary control measure to reduce NOX.  In the case of 
cooling water a closed circuit usually bounded to an air radiator is used, which reduces 
dramatically the water consumption and in the case of water injection the consumption is 
also low. Furthermore, although it is rare some plants also use wet FGD, which increase the 
water consumption. 

On the other hand for the maintenance cases IC Engines and Gas Turbines share similar 
water requirements and effects. Therefore the mentioned traditional techniques are used in 
the treatment of the wastewater treatment. 

3.2.4.3 OTHER IMPACTS 

 
IC Engine Power Plants also share with the Gas Turbine technology the following impacts: 
 

• Noise Pollution 
• Thermal Pollution 
• Solid Wastes 
• Land Usage 
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It is clear that both sources contain other environmental impacts refer to the construction 

process of the power plants and its components, but this impacts were neglected as they 
were outside the important scope of this investigation.  

Once the business as usual scenario was defined the contrast with the ORC 
implementation could be performed. 

3.2.5  ENVIRONMENTAL INFLUENCE OF ORCS AS BOTTOMING CYCLES OF IC ENGINES AND 

GAS TURBINES  

 
In the previous section it is clear the large effect that IC Engine and Gas Turbine based 

Power Plants have on the environment. ORC implementation cannot be analyzed as an 
independent addition but in the context of an additional component to the power producing 
process. This addition has either a positive or a negative effect on the environmental 
influence of the respective LCP and as such it was analyzed. 

3.2.5.1 POSITIVE ENVIRONMENTAL INFLUENCE OF ORC IMPLEMENTATION. 

 
Based on the previous studied environmental impacts the addition of an energy 

recovery process, ORC, to Gas Engines and Gas Turbines sways positively the 
environmental performance of the plant in the following aspects: 

 
• Reduction of Fuel Consumption per unit of power output. 

 
• Air Emissions Reduction per unit of power output. 

 
• Overall Thermal Pollution Reduction. 

 
• Decreased necessity of “down the pipe” emission reducing elements and their 

induced pollution, plus an added benefit of the combustion control techniques. 
 

Fuel Consumption is not only one of the major operative costs of a LCP, but as 
mentioned its extraction and refining has a considerable impact in the surrounding 
environment. The implementation of a bottoming ORC would reduce the consumption of 
fuel by either supplying added power to the electrical grid in existing facilities or by 
enabling new power plants to produce increased power with smaller combustion units.  

In order to compare the fuel reduction for the 3 selected cases for analysis the specific 
fuel consumption per unit of power was calculated. It is important to remark that the 
previously mentioned de-rating of the modeled ORCs was applied to this data in order to 
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obtain realistic contrast values. The SFC for the range of analyzed gas turbines is given in 
Table 22. 

Table 22: Specific Fuel Consumption of Gas Turbines with and without ORCs. 
Scenario	 BAU	 Toluene	 o-Xylene	 MM	 Average	Reduction	
Model	

Specific	Fuel	Consumption	
[Kg/(MWs)]	 [%]	

SGT	100	50	(Hz)	 0.0707	 0.0498	 0.0508	 0.0521	 27.99	
SGT	200	50	(Hz)	 0.0682	 0.0494	 0.0505	 0.0518	 25.86	
SGT	300	(50	Hz)	 0.0699	 0.0495	 0.0505	 0.0517	 27.63	
SGT	400	50	(Hz)	 0.0615	 0.0459	 0.0466	 0.0476	 24.02	
SGT	500	50	(Hz)	 0.0635	 0.0480	 0.0491	 0.0506	 22.38	
SGT	600	(50	Hz)	 0.0636	 0.0468	 0.0477	 0.0487	 24.99	
SGT	700	50	(Hz)	 0.0574	 0.0440	 0.0447	 0.0456	 22.07	
SGT	750	50	(Hz)	 0.0541	 0.0428	 0.0435	 0.0444	 19.56	
SGT	800	(50	Hz)	 0.0567	 0.0436	 0.0443	 0.0451	 21.84	

Average	 24.04	
 
Table 23 presents the SFC in the IC Engine models with and without ORCs. 

Table 23: Specific Fuel Consumption of IC Engines with and without ORCs. 
Scenario	 BAU	 Toluene	 o-Xylene	 MM	 Average	Reduction	
Model	

Specific	Fuel	Consumption	
[Kg/(MWs)]	 [%]	

20V34DF	 0.0445	 0.0404	 0.0402	 0.0409	 9.01	
18V50DF	 0.0422	 0.0385	 0.0391	 0.0389	 7.96	
20V34DF	 0.0529	 0.0479	 0.0484	 0.0486	 8.64	
18V50DF	 0.0532	 0.0481	 0.0479	 0.0487	 9.41	
20V32GD	 0.0510	 0.0455	 0.0453	 0.0462	 10.53	
18V46GD	 0.0501	 0.0456	 0.0461	 0.0462	 8.20	

Average	 8.96	
 
In both cases the reduction in fuel consumption is considerable issue that was also 

examined in the economic analysis. 
Other positive impact that the implementation of ORCs has on the operation of IC 

Engines and Gas Turbines is their relative reduction of emissions. The nature and amount of 
hazardous gases that are emitted from these plants were scrutinized in the previous sections 
and it was stated that the most worrying pollutant is Nitrogen Oxides. ORCs don’t eliminate 
or reduce the formation of this type of gases but helps to achieve a better performance of the 
power plant as a whole. This is important because  NOX are measured and penalized in an 
average monthly basis, therefore the implementation of a bottoming ORC might either 
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reduce the operation condition of the Gas Turbine or IC Engine, thus reducing emissions or, 
in the case of new plants select smaller combustion equipment and achieve the same power 
output. In order to contrast the reduction in emission bounded to the performance the 
emission were calculated as a ration of the power output. Only the nitrogen oxides emissions 
were estimated due to their importance but as expected this is certain for every pollutant as 
ORCs do not emit any kind of airborne pollutant or flue gas. The results for Gas Turbines can 
be seen in Table 24, using as basis NOx emission givens by the manufacturer. 

Table 24: NOx Emissions of Gas Turbines with and without ORCs. 
Scenario	 NOX	Emissions	 Mass	Flow	 BAU	 Toluene	 o-Xylene	 MM	 Average	
Model	 ppmV	 Kg/s	 gNOX/KWhr	 %	

SGT	100	50	(Hz)	 25.00	 19.50	 1396.90	 984.31	 1003.98	 1029.29	 27.99	
SGT	200	50	(Hz)	 25.00	 29.30	 1570.31	 1137.47	 1161.93	 1193.37	 25.86	
SGT	300	(50	Hz)	 15.00	 30.20	 829.76	 587.67	 599.37	 614.34	 27.63	
SGT	400	50	(Hz)	 15.00	 39.40	 662.95	 494.57	 502.94	 513.57	 24.02	
SGT	500	50	(Hz)	 42.00	 97.90	 3121.70	 2360.19	 2417.32	 2491.57	 22.38	
SGT	600	(50	Hz)	 25.00	 81.30	 1201.44	 883.94	 899.78	 920.02	 24.99	
SGT	700	50	(Hz)	 15.00	 95.00	 628.29	 481.17	 488.87	 498.76	 22.07	
SGT	750	50	(Hz)	 15.00	 114.20	 669.40	 528.90	 537.67	 548.80	 19.56	
SGT	800	(50	Hz)	 15.00	 132.80	 606.84	 466.28	 473.66	 482.95	 21.84	

Average	 24.04	
 

In the case of IC Engines the analysis was performed, including a new parameter the use 
of heavy fuel oil (HFO).  In the previous evaluations this type of liquid fuel was not 
introduced because the performance was exactly the same between light and heavy fuel, but, 
this variance does affect emissions.  The results might be seen in Table 25.  

 

Table 25: NOX Emissions of IC Engines with and without ORCs. 
Scenario	 NOX	Emissions		 Mass	Flow	 BAU	 Toluene	 o-Xylene	 MM	 Average	

Model	 Fuel	 mg/Nm3	 Kg/s	 gNOX/KWhr	 %	
20V34DF	 LFO	 1460.00	 17.90	 21089.84	 19141.54	 19051.17	 19378.90	 9.01	
20V34DF	 HFO	 1600.00	 14.50	 18722.13	 16992.57	 16912.34	 17203.28	 9.01	
20V34DF	 GAS	 380.00	 14.50	 4446.51	 4035.74	 4016.68	 4085.78	 9.01	
18V50DF	 LFO	 2000.00	 33.50	 28400.46	 25677.87	 25551.51	 25956.18	 9.41	
18V50DF	 HFO	 2000.00	 33.50	 28400.46	 25677.87	 25551.51	 25956.18	 9.41	
18V50DF	 GAS	 380.00	 27.00	 4349.09	 3932.16	 3912.81	 3974.78	 9.41	
20V32GD	 LFO	 710.00	 45.90	 25727.23	 23316.90	 23572.65	 23626.57	 8.64	
20V32GD	 HFO	 970.00	 45.90	 35148.47	 31855.48	 32204.89	 32278.56	 8.64	
18V46GD	 LFO	 710.00	 46.80	 13705.60	 12486.42	 12627.05	 12632.57	 8.20	
18V46GD	 HFO	 970.00	 46.80	 18724.55	 17058.91	 17251.04	 17258.58	 8.20	

Average	 8.89	



 
 

ME3 MASTER THESIS PROJECT  
FINAL REPORT 
2014 EDITION 

 
 

 
ME3 2014 Master Thesis Project : ORC for waste heat applications  66/109 
 

 
In both cases it is clear the positive effect that implementing an ORC as a bottoming cycle 

would produce for reducing the flue gas emissions of Nitrous Oxides. An important factor is 
that if Tables 22,23,24 and 25 are analyzed carefully it might be noticed that the average 
reduction of fuel consumption and NOx emissions are similar, this is because there is a 
correlation with the average power output with the three proposed ORCs. This is helpful 
because helps defining a trend of reduction per unit of power and although they are not 
analyzed reduction of other pollutants should be expected to decrease in a similar 
proportional. 

Bottoming cycles ORCs, would also have an overall positive reduction in the temperature 
in which the flue gases would be emitted to the atmosphere, as explained in the previous 
sections this is referred as Thermal Pollution. This type of pollution is particularly critical 
when emitted in a body of water, due to the reduction on the amount of oxygen that the 
liquid can trap at higher temperatures, but it is also a factor to take into consideration when 
this excessive heat is emitted to the air, because in high quantities it might impact cloud 
formation and the temperature of the air surrounding the plant. Furthermore ORC 
applications might also help to further reduce NOX emissions by being used with flue gas 
recirculation. This technique consists in recirculating a fraction of the flue gases to the 
combustion chamber and mixing it with combustion air. This fraction that is now inert 
would work as heat sink thus reducing the temperature of the flame, and the formation of 
Thermal NOX. This ability to cool the combustion is further enhanced if the temperature of 
this flue gas is lower.  

On the matter of emission reducing techniques, it is also important to comment that a 
reduction in the size and/or emissions given away by the combustion power cycle, either gas 
turbine or IC Engine, would also reduce the size of the down the pipe emission reducing 
process. This is important because, as explained during the analysis of these elements, the 
cleaning process tends to produce, pollution on its own, which increases the operative costs 
and produce solid and/or liquid wastage.  

3.2.5.2 NEGATIVE EFFECTS OF ORC IMPLEMENTATION 

 
The previous section enumerated the constructive outcomes of introducing ORC 

bottoming cycles to IC Engine and Gas Turbine based power plants, but on the other hand 
there are also negative aspects of this approach. These aspects are not considerably negative 
but should be taken into consideration for their proper and correct mitigation. The negative 
associated to the implementation of ORCs as bottoming cycles are: 

 
• Environmental Impact of Organic Fluid production:  although the quantity of the 

organic fluid is definitive as it is operating in a closed cycle, these fluids present 
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several characteristics that must be addressed.  First it is important to mention 
that Alkanes, Aromates and Siloxanes are basically hydrocarbons. Therefore their 
main method of production is through the refining of fossil fuels. The 
environmental impacts of fossil fuel extraction and refining were discussed in 
section 3.2.1. and is important to remember the source of this fluids, not only for 
this case but also for other ORC applications. Although if contrasted the amount 
needed for ORC applications is minimal compared to the usage for primary 
energy conversion. As hydrocarbons it is also to take into consideration the high 
flammability that these fluids would pose. Although the precautions should be 
similar as with the current fossil fuel usage of the analyzed applications, this 
robustness of the prevention systems should also address this application. 
Furthermore these fluids might also pose a mild toxicity for human health for 
which precautions should be considered specially to avoid leakages and in 
maintenance processes in which the organic fluid must be handled.  An 
advantage of these families of organic fluids is that opposing some other 
substances used for lower temperature ORCs these fluids have no major Ozone 
Depletion potential. 
 

• Increased noise pollution: As expected the integration of ORC to the process 
would increase the noise emission sources. This situation must be addressed with 
previously mentioned approaches. 

 
• Increased of solid waste: In the operation of this cycles, as the number of process 

increased the emission of solid waste, particularly maintenance related rubbish 
would increase proportionally. 

 
• Condenser Impacts: the impact of this process is a function of the condenser 

technology selected. Must ORCs operate with Air Condensers, which was 
mentioned previously, and therefore the impacts are particularly null, although 
the cycle is slightly more power consuming. If water-cooled condensers, 
including cooling towers or water basins as heat sinks are used, impacts might 
multiply. From thermal pollution to chemical emissions, these technologies 
should be either avoided or mitigated appropriately. 

  
• Increase in Water Usage, Discharge and Pollution: this increase is explained, as in 

the case of Gas Turbines by maintenance operations, but a more considerable 
effect would be created if water-cooled condensers are selected, as mentioned in 
the previous item.  
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• Increased Land Usage: With an average size of 0.1 m2/KW for the components 

plus the condenser area ORC implementation is relatively intensive although it 
will increase the occupation physical area in the Power Facility and outdoor area 
to locate its condenser. 

3.3. ECONOMIC ANALYSIS OF ORCS 

 
Based on the results of the technical analysis an economic analysis was performed. 
 

3.3.1 CONSIDERATIONS TO BUILD ECONOMIC SCENARIOS 

 
The economic analysis of any power generation facility is a complicated task, due to the 

variability of the costs and the benefits. The costs depend in the technology to be 
implemented and the components and it is usually divided in capital or upfront investment 
and lifecycle costs that might be fixed or variable.  The capital investment costs taken into 
consideration for this analysis were based on the EC document for LCPs [26] and are the 
following: 

 
• Engineering, Procurement and Construction:  a very clear cost that account for all 

the costs of implementing the power plant project. 
• Power House Building: The main building of the power plant, it will house every 

power generation component and its auxiliary processes. 
• Auxiliary Buildings: Support buildings for power plant operation including 

offices and warehouses and fuel storage tanks. 
• Power Generation Equipment: The total costs of either the Gas Turbine 

Equipment or IC Engine and their auxiliary elements. These auxiliary elements 
include, fuel lines, inlet filter boxes, exhaust ductwork and stack.  

• ORC Generation Equipment: the total costs of implementing the ORC that 
according to the market assessment is already prefabricated and sold as an 
integral unit. An important element that this ORC would contain that was not 
included in the analysis, the inclusion of an intermediary thermal oil cycle in 
between the flue gases of the ORC.  This costs includes the exterior condenser 
section and its connection with the main section. 

• Electrical Equipment: All the equipment to connect the generators to the grid. 
Includes conductors, transformers, and regulators, among other equipment.  

• Instrumentation and Control: the totality of the systems that serve the 
automatization and control of the power plant.  
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 The previous up-fronts costs omitted two particular elements, which were not 

considered  due to the fact that they are variable depending on project specifics and a certain  
value is difficult to estimate in order to quantify them.  Plus, their exclusion would not 
particularly modify the aimed contrast of results.  These concepts are: 

 
• Location Real State Cost: The cost of the terrain where the power plant would be 

emplaced is dependent on the location of the specific implementation. As 
mentioned ORCs are not particularly space extensive and therefore no major 
alteration of this parameter could occur. 
 

• Financial Services: this concept groups the costs of engaging into a credit 
structure in order to finance the project implementation. This concept is shared 
with the Life Cycle financial costs, usually loan amortization, which was also 
avoided. These elements represent a considerable cost, but it is difficult to 
consider as it depends on multiple conditions of the project and in practice the 
costs would not be extremely different just by the inclusion of ORCs.  

 
The lifetime costs were simplified in order to group them into the categories. The 

analyzed fixed costs were: 
 

• Fuel Cost: The sustained cost of purchasing the fossil fuel required for power plant 
operation. 

• Fixed O&M: The costs related to the normal operation and maintenance of the power 
plant and its components.  

 
In the case of variable costs, the variations of the previously defined  are usually 

considered, plus the alteration in interest rates and eventual emission restrictions. In this case 
this elements were avoided as their quantification also required a more defined project scope 
and location. 

The benefits, which are usually given by the trade of power into the grid depend on 
running hours of the power plant, grid dispatch rules and lifetime, plus the de-rating due to 
changing climatic conditions, power capacity reduction due to operative conditions and 
reduction on the demand. In this case it was assumed as a constant price per unit of power 
and time produced. 

As might be inferred in order to perform a numeric exercise and contrast BAU versus 
enhanced scenarios a simplified version of this situation needed to be created. Some of these 



 
 

ME3 MASTER THESIS PROJECT  
FINAL REPORT 
2014 EDITION 

 
 

 
ME3 2014 Master Thesis Project : ORC for waste heat applications  70/109 
 

simplifications were addressed previously, but there were also specific assumptions in order 
to establish a common parameter between scenarios. 

 
• Only one of the units was analyzed due to time and complexity considerations. In 

order for the results to be binding for the rest of the models the two units with 
poorest performance when added an ORC, were selected. In the case of Gas 
Turbines that occur for SGT-750 that presented an average power ratio (Power of 
ORC divided by the Power of the Source) of 0.295, while the average is 0.384. In 
the case of the IC Engines is the 20V34DF LF, which presented a ratio of 0.105 
although the average is 0.12. 
 

• For this contrast only the case of Toluene and its Organic fluid would be used. 
The general idea was to obtain prices of the three systems but the manufacturers 
felt reluctant to provide this information therefore a case study that coincidently 
possessed a similar ORC Cycle with this fluid was used.  Further comparison 
among the different ORCs is performed at the end of this section. 

 
• Project size would be defined at 50 MW in both cases, due to the fact that relevant 

manufacturer cost data exists  in those ranges [26][28] 
 

• Several constant costs were estimated based on particular publication about the 
topic. This items were: 

 
1. Assumed total power of the facility in both cases: Approximately 40 MW. 
2. Gas Cost was fixed to 0.005 €/MJ  
3. LFO cost was fixed 0.010 €/MJ.   
4. Grid Electrical Price: 100 €/MWhr. 
5. Fixed O&M costs   20000 €/Month and will increase 10% Annually 
6. To calculate the NPV the discount rate will be of 12%.  
7. Analysis was bounded to a 20-year power plant lifetime, but the analysis is 

just limited to a 5-year cycle. 
8. Annual Operation hours: 6000. 

3.3.2  ECONOMIC SCENARIOS CONTRAST  

 
The basic structure outlined in the previous section served to build 4 different cost 

benefit analyses for each of the selected heat sources. The ideal scenario is to count with 
complete budget data from the EPC contractor/manufacturer to fit in each of the entries and 
achieve a detailed analysis. As for this investigation it was impossible to get this information 
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from the industry leaders a new approach was taken. From the analysis presented by Back 
[28] general overall costs of capital investment, O&M and fuel costs were acquired. Some of 
them were presented as assumptions in the previous section. In order to further dissect the 
upfront expenditures a specific investment structure presented by the European Commission 
regarding  LCPs  was used as base [26]. This structure is presented for both heat source 
applications in Figure 23.  
 

 
Figure 23: Investment structure for Turbine and IC Engine based Power Plants 

 
Using Figure 23 the business as usual scenario could be built. First the  up front charges 

were calculated for the presented cost structure using as a basis the overall investment 
amount obtained from the mentioned references.  Every concept, except the financial costs, 
were tabulated and marked as expenditures in year 0. The specific fuel cost of each 
application was calculated through the product of the yearly power output,  the heat rate, 
the annual operation hours and the specific price of each fuel by unit of energy.  This value  
and the yearly O&M costs were projected for the 5-year period as fixed costs. Then their 
NPV was calculated and added to achieve the concept of total costs. 

For the benefits the total power of the sources was multiplied by the annual running 
hours and the grid electric price. This amount was then projected for the five-year period. 
Over this data the internal rate of return and the payback time was calculated. 

In order to introduce the 3 different ORC cycles a new addition to the year 0 column cost 
was created, the ORC Generation Equipment concept. The concept was explained in the 
previous section and the general assumption is that this element en globes everything related 
to the implementation of the ORC.  The ideal scenario in this concept as well is to count with 
the updated and backed costs of the EPC contractor and/or manufacturer, but in this case 
was also not possible.  
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Therefore, in order to establish a cost per power output cost for the ORC an average 
maximum was used based on previous economic analyses of ORCs. [30] This value was 
assigned to the ORC cycle operating with Toluene and a cost reduction was performed for o-
Xylene and MM as these cycles were smaller. In order to correlate the price reduction with 
the size, once again the European Commission publication on LCPs was used. In this 
document there is a detailed description of the cost structure of bottoming Rankine Cycles. 
Therefore this information was used to the two elements that have a biggest share in cycle 
cost. As briefly mentioned in the context, these two components are the Expander and the 
HRVG accounting for 20% and 47% respectively of the cost.  Therefore a ratio between the 
biggest cycle, Toluene based,  and the other two was calculated for this components. After 
this the ratio was used to calculate the cost reduction in percentage of the specific component 
and the values were added to arrive to the fraction of the price o-xylene and MM cycles 
would present.  The final values were that the o-Xylene cycle would be approximately 20% 
and MM 30% cheaper. 

 The final results of the CBA for the 4 cases were tabulated and are presented in Table 26 
for the gas turbine model SGT-750. 

 

Table 26:  Economic Analysis Results for ORC implementation in GT Power Plants. 

Concept	
Scenarios	

Business	as	
Usual	

GT	+	ORC	
(Toluene	based)	

GT	+	ORC		
(o-Xylene	based)	

GT	+	ORC		
(MM	based)	

Total	Benefits	(5-yr)	 80	090	917.66	€	 100	185	021.65	€	 98	622	351.16	€	 96	714	054.74	€	
Total	Costs	(5-yr)	 59	900	133.13	€	 94	652	669.87	€	 86	301	328.21	€	 81	177	984.94	€	
Net	benefit	(5-yr)	 20	190	784.54	€	 5	532	351.77	€	 12	321	022.96	€	 15	536	069.80	€	

Internal	Rate	of	Return	 29%	 3%	 9%	 12%	
Payback	(Years)	 2.11	 3.67	 3.21	 2.97	
 
 The same analysis was performed for the 20V34DF IC Engine, which due to the 
power output selected, 40 MW, consists of a 5 parallel bundle IC Engine +ORC. 

Table 27:  Economic Analysis Results for ORC implementation in IC Engine Power Plants. 

Concept	
Scenarios	

Business	as	
Usual	

ICE	+	ORC	
(Toluene	based)	

ICE	+	ORC		
(o-Xylene	based)	

ICE	+	ORC		
(MM	based)	

Total	Benefits	(5-yr)	 94	409	088.74	€	 102	849	347.79	€	 101	445	702.01	€	 102	082	720.03	€	
Total	Costs	(5-yr)	 95	631	412.71	€	 115	542	289.17	€	 111	059	966.99	€	 110	674	329.55	€	
Net	benefit	(5-yr)	 -1	222	323.97	€	 -12	692	941.38	€	 -9	614	264.98	€	 -8	591	609.52	€	

Internal	Rate	of	Return	 -2%	 -13%	 -11%	 -10%	
Payback	(Years)	 4.33	 6.07	 5.67	 5.45	
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Table 26 and 27 were the final elements to achieve a comprehensive study on ORC 
applications as bottoming cycles of IC Engines and Gas Turbine power plants. The 
previously presented information was then be analyzed and discussed. 

4. DISCUSSION  
This investigation aimed to optimize and create a feasible configuration for Organic 

Rankine Cycles in waste heat recovery. While doing so, it also exposed several relevant 
elements of the analyzed heat sources and their fuels. In the particular case of natural gas, 
the context and sources review revealed to be a primary energy source on the rise. This in 
contraposition that existed several years ago in which NG was as a cleaner bridge fuel, to 
reduce the environmental footprint on fossil fuels while migrating to renewable resources. 
Nowadays is a source that is positioning to be the primary source of energy for many years 
to come. Crude Oil on the other hand suffers almost an stagnation but still is present as a 
flexible and viable fuel for particular power demand situation, as peak shaving and off grid 
applications. 

Furthermore the analysis of both conversion technologies showed a great potential for 
efficiency improvement through energy recovery. It seems that the focus in both 
technologies has been to improve front-end condition to improve effectiveness, but in 
parallel with this, energy recovery can give an additional boost, adding net performance and 
reducing environmental impacts in the process.   

In the case of gas turbines, the high mass flow and temperature of the exhaust, creates 
the scenario for ORC combination with air intercooling and/or regeneration.  In the case of 
intercooling this stage can be used as an economizer before the flue gases and regeneration 
can occur before or after ORC implementation as there is still energy left in the flue gases. 
The analysis of these applications is open for future researchers.  

In the case of IC Engines particularly in power plants opportunities beside the analyzed 
during this investigation are multiple. Include analyzing the several heat extraction 
processes for ORC economizing or in independent micro cycles. Plus, the analysis of flue gas 
concentration and application of one ORC to serve parallel units might present better 
advantages than the single paired presented in this research. This because this sources in 
their exhaust emissions present a very low mass flow, which as seen in the results present a 
proportionally low power output although the temperature in the flue gas is high. 

Overall the potential can be grasped in the analysis of the ideal bottoming cycle 
performed when calculating the Carnot Efficiency. In the case of Gas Turbine, energy that 
accounts for 100% of the power output is being dissipated, this shows the unharnessed 
potential of this applications, which is recovered in bigger application through combined 
Cycle applications using CRCs as bottoming cycles. 
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For IC Engines the diversity of the energy-outflows, presents a challenge. Although the 
design of an efficient ORC than can harvest subsequently these elements according to their 
temperature and characteristics, would consist on an excellent solution to improve IC Engine 
performance. The challenge is how to combine the multiple temperatures that this 
combustion sub-cycles present. 

Focusing now on the ORCs this investigation not only exposed important considerations 
for high temperature applications but for ORCs in general. It showed that the assessing of 
multiple families of organic fluids is always relevant as the behavior among families and 
inside each family can change dramatically.  It also reinforced the criteria that in order to 
implement a successful ORC the critical temperature of the fluid can not be to far away of the 
input temperature of the heat source, as a general consideration it can be stated that a 
difference above the 300 C is not recommendable. Also it, unveiled an even more important 
condition. It is mandatory for a close proportionality between the critical temperature and 
the critical pressure to exist. These criteria can only be observed graphically, but for example 
Figure 5 serves to clarify this point. It is possible to observe that the fluids that observe that 
the fluids that have the best performance, alkanes, have a smaller proportionality between 
their critical pressure and their critical temperature. On the contrary fluid with a relatively 
low critical pressure and high critical temperature, that, are expected to perform optimally   
ended up at the bottom of the power output, as is the case of MD4M. This occurs because 
when critical pressures are reduced the available expansion in the turbine gets reduced, this 
reducing the work output. This can be seen in the T-s diagram of this fluids as the pressure 
lines in the superheated vapor side not only travel really closed together, but shortened their 
distance as its superheating continues. 

This element brings a downfall, the higher critical pressure will surely elevate the costs 
of the ORC, but if a medium ground is encountered optimal economical and performance 
conditions could be achieved. 

The model served to estimate the elements that modify the size of the ORC and its 
behavior particularly through the control parameters. After the fluid selection, PParameter is 
perhaps the most relevant design variable. It defines the exergy destruction in the HRVG by 
defining the position of its pinch point and sets the flexibility of the optimal of operation by 
the differential created between the evaporation and condensation pressures in the cycle. It 
defines as well the performance in power output.  Although not because of the expected 
reason that is a large difference between the mentioned pressure but due to the nature of the 
ORCs that are understood through the saturation curve. In the vapor side of the curve 
enthalpies decreased rapidly in the proximities of the saturation line and after that tend to 
run constant. Therefore the optimal point in the examined organic fluids was achieved when 
the curve turns almost into vertical line, as an isentropic expansion.  Explained then because 
the expansion would start at the highest enthalpy level, caused by this sudden rise in the 
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proximities of the saturation curve and end at the lowest enthalpy level, when the enthalpy 
trends turn parallel to the temperature lines. This verticality occurs in the top section of 
saturation curve for fluids with highly negative inclination in their saturated vapor line, as is 
the case with siloxanes. While, tend to occur at the mid portion of the curve with fluids that 
present a more vertical saturated vapor line, for example alkanes. This explains the different 
behaviors presented by these families in the modeling of the PParameter factor. It is an important 
consideration because as lower on the curve this optimal point occurs, the lower would be 
the optimal evaporative pressure of the cycle, thus reducing cost. The former deduction 
explains the particularly good yield between size and performance showed by o-Xylene. 

The other control parameters present a more predictable behavior. Delta Tpp, presents a 
linear behavior when compared with the power output because as the parameter increases 
the exergy destruction in the HRVG increases. It is important the influence of this parameter 
in this heat exchanger size, which depending on the specific case might be beneficial to 
increase, as it would reduce the size and the cost of this component. The reason, because this 
element accounts for 47% of the ORC’s cost, especially including the thermal oil 
intermediary heat exchange cycle.  

Superheating represented by Delta TSH proved to be unnecessary and even 
counterproductive for power output in most cases. The reason behind this effect was 
explained previously when the behavior of fluid’s enthalpy in a vaporized state was 
described. Although in some cases a small superheat is necessary to avoid change of phase in 
the expansion stage. This happens with Aromates and Alkanes that tend to present a more 
vertical curve. In particular Aromates present a concave saturation curve, which might 
produce for this change of state to happen in early and intermediary stages, and then 
disappear. Opposing the situation with CRCs that this phase change usually occurs at the 
last stages.  

Recuperation proved to be positive in some cases, while non-affecting or even 
counterproductive in others. The reason is the nature of this regeneration.  In the case of 
siloxanes it is always positive because the recuperated heat poses high enthalpy and doesn’t 
elevate the temperature of the organic fluid considerably, thus not affecting the heat 
extraction form the source’s flue gases. On the other hand with Alkanes the effect is not 
entirely positive as this recuperated heat has the opposite nature. This was particularly 
noticed by the IC Engine sources because their average inlet temperature is lower, although 
this effect is also observed in gas turbines in which the recuperated heat replace heat 
exchanged in HRVG. Therefore in actual applications this parameter has to be handled with 
care as the ultimate motive of the Waste heat recovery ORC, is to recuperate heat from the 
source not within the cycle. 

Another important factor that attains more to ORC theoretical analysis is the importance 
of the variability of the pinch point. The control of the position of this point is as 
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fundamental as the value of the MTD the right analysis can help to increase or reduce the 
exergy destruction, or tend to over or undersize the HRVG. 

Extrapolating the outcomes of this investigation to the organic fluid families it can be 
said that: 

 
• Aromates performance is so positive operate because their enthalpy and 

pressure levels in a saturated condition maintain a parallel and wide behavior 
while for siloxanes and alkanes this tend to grow closer together. Their heat 
recovery is excellent particularly with not so high temperature sources, because 
there is a big ratio of sensible heat extracted, before the latent heat is gathered 
for the phase change. Although, Toluene in particular stands out as the best 
fluid more from its power output capabilities than for its heat recovery range 
 

• The heat recovery of the siloxanes, MM and MDM of siloxanes is acceptable but 
they are not able to produce a relatively large power output. MD4M fails in its 
performance due to the fact that characteristics that supports the other siloxanes 
as the inclination of its saturation curve in high pressure fails to be exploited. 
This occurs because its critical temperature is far above the lowest temperature 
sources; therefore this good performance in the upper tier of its saturation curve 
is not reachable. Although it might be the ideal fluid for source with even higher 
temperatures. 

 
• The alkane n-Butane proves to recover a lot of energy but failed to effectively 

transform it into power. 
 

It is important to remark that the performance of the fluids in the boundary conditions 
of the heat sources was consequent with their functioning in the full range of sources. Rather 
small crossovers where opportunely explained when the graphs were presented, but a 
general trend was noticed as the system’s capacity grew, the power output of the ORC, 
except particular exceptions tend to gave away a respectively larger share power. This is not 
a particular phenomenon of the ORC operation, but of the combustion operation, because as 
capacity increases, exhaust gas mass flow increases. Therefore with an added mass flow from 
the exhaust gases more waste heat was available, thus an increased power output of the 
ORC. This shows the role of the mass flow just as a performance multiplier without any 
other particular effect in the ORC power output. This statement only increases the potential 
of a centralized ORC in IC Engine Power plant, although the design of this ORC must be 
very careful, as it should be able to cope with the variable loads.  
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Overall the thermodynamic assessment of the combustion technologies with ORCs as 
bottoming cycles gave promising results. A capacity growth of the entire bundle is in the 
best scenarios of 44% and 20% for gas turbines and IC engines respectively in the best 
scenarios. These in spite of the efficiency increments, which are barely acceptable, 15% and 
5% for gas turbines and IC Engines respectively.  Therefore the downfall reduces to cost. 
 The thermodynamic analysis section gave increasing attention to the optimization of 
the power output of the cycles, and set aside size considerations to the final matrix 
comparison. The reason behind this approach is explained by the fact that power outputs, 
with few exceptions as with the mentioned recuperation process, are proportional to 
component size, robustness and cost. Therefore the idea behind the optimization of power 
was to sand out the fluids that had an average power output for them to be contrasted with 
the top performer. 

 Although several fluids stand out because of the positive combination they portrayed.   
The case of m-Xylene and o-Xylene were of particular interest as they present average size 
components including the HRVG, condenser and the turbine, and a negligible difference of 
power output with the highest performing fluid. The mentioned difference is on average 2%. 
The siloxane MM is also a fluid that stands out with a de rating of only 5% shows the 
smallest component set of the analyzed fluids. 

 It is important to mention that the implemented comparison matrixes fail to actually 
give a cost size relationship, because as was mentioned before some components have a 
higher impact in the cost if their size is raised. Although this aim for a more accurate cost-
size relationship was expected from the economic analysis the lack of sources for the 
economic inputs and the time constrains leaves this is as a pending task for a deeper 
research. 

Regarding the environmental impacts it is very clear the positive impact that ORC 
implementation has for Combustion plants in general.  Starting from the fuel consumption 
reduction, which is usually not given the importance it should have in the analysis of the 
environmental impacts of a given application and is usually just given from an economic 
standpoint.  

The importance of reducing the usage of fuel starts from the reduction of raw fuel 
exploitation. The environmental impacts of raw fuel extraction and refining are usually over 
sighted, when final usage applications, as Power plants are being environmentally 
scrutinized.  These impacts are particularly important in the case of Natural Gas that in some 
studies is considered as a rather clean fossil fuel, although as seen in the results section its 
extraction method specially through tertiary recovery methods are rather harmful.  

Regarding the specific effects that IC Engines and Gas turbines have on the 
environment, it is important to signal that ORC fails to eliminate any of the environmental 
impact of either Gas Turbine or IC Engine based Power Plants. They only function as 
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alleviating processes. Although on the contrary of most of emission lessening processes 
instead of being power consuming, their mitigation action is performed through exergetic 
energy.   

This situation brings opportunities with ORC applications in the different stages of LCPs 
in genera. For new power plants the approach could be to achieve the rated capacity with a 
smaller that usual combustion unit and a bottoming ORC, reducing the average emissions of 
this type of applications. This can also bring new economical benefit opportunities because 
this reduced emissions; compared to the business as usual situation could facilitate the 
trading of emissions bonds in the cap and trade market. 

In the case of existing of currently operating plants they could be retrofitted to include 
ORCs, this would allow for new operation parameters, i.e. combustion cycle de-rating, 
without loosing capacity. In fact the power output of ORCs in this case is actually increased 
by de-rate. The reduced power output of an IC Engine or Gas Turbine usually involves a 
poorer combustion, which translates in higher exhaust gas temperature and mass flow. 
Therefore as might be expected this would only increase the power output of the ORC. Is in 
this point that acquires importance the fluid flexibility to withstand different points of 
operation, characteristic that can also be observed from the parameter simulation graphs.  
For this type of condition, Toluene once again, proves to be the most effective of the 
analyzed fluids, followed by the other Aromates analyzed in this investigation. 

On the economy aspect the results were not as positive, as it might be easily inferred 
form the results ORCs are not as profitable solutions for this applications. This is not because 
they are ineffective in converting power, as was commented and compared throughout this 
investigation they perform this task efficiently, but because of this capital cost. 

It is important to mention that other potential benefits as governmental premiums for 
higher efficiency, or grid revenues could also be included which could help to slightly shift 
the balance for more favorable conditions, but the main issue of excessive investment cost is 
confirmed.  

The most viable solution is to create an economy of scale situation that would allow for 
the productions costs to drop. In order to perform several measures could be implemented. 
Practical downsizing proved to be a very efficient way to reduce the capital cost. Commercial 
implementation of new component technology, particularly expanders might also reduce 
considerably the costs. Increased support from governments and grid managers to efficiency 
raise in non-sustainable power plants might also boost the implementation of these 
solutions. Furthermore research into new heat sources and analysis of increased benefits in 
particular cases, as part load operation, can also help to improve the results shown in the 
economic analysis of this report. 
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5. CONCLUSIONS AND RECOMMENDATIONS 
 

Based on the comprehensive study performed in this investigation it can be confirmed 
that ORCs are a technically viable solution to recover waste heat for a wide range of small 
capacity commercially available Gas Turbines and IC Engines.  An overall increment of 
power output of 44% and 20% respectively in power output, a reduction of emissions of 24% 
and 8% respectively of air emissions and a payback rate considerably under lifetime certify 
this statement. 

Furthermore in the modern world any technique that aims for the increase of the 
efficiency of Fossil Fuel energy conversion technologies is of the outmost relevance. Not only 
from a performance perspective but also from a sustainability point of view.  

The main factors that shape the specifications of an ORC application are the organic 
fluid behavior and pressures of operation. Their selection comes from a relationship between 
heat source input temperature, critical pressure and critical temperature.  The major aim is to 
balanced heat conditions and a temperature difference among streams that would increase 
the sensible component of the heat extraction. 

The analysis of several families of organic fluids proved that in the temperature range in 
which IC Engines and Gas Turbines exhaust their flue gases ORCs base on aromatic organic 
fluids present the highest performance, particularly Toluene and o-Xylene. Although 
Siloxanes present a rather good performance, from a power output standpoint, with 
significantly reduced cycle size. 

Achieving the optimal high pressure point and reducing the exergy destruction in the 
HRVG maximizes power output of the mentioned cycles. Additional power enhancement 
techniques, common in CRCs as superheating and recuperation have mixed results 
depending on the cycles. In the case of additional heating of the vaporized fluid this tends to 
be counterproductive from power output point of view, but is partially required in order to 
avoid partial organic fluid condensation in the initial phases of expansion. In the case of 
recuperation turns positive when the recuperated heat contains a considerable amount of 
enthalpy but doesn’t elevate considerably the temperature of the organic fluid in the cold 
side. A rather high temperature increase would reduce the recovery of waste heat thus 
reducing performance. Improvements to ORC equipment are particularly to reduce the cost 
of the elements that compose it and to achieve a better isentropic expansion, this would 
sensitively improve power output in an even larger extend than in CRCs  

From an environmental standpoint ORCs are net positive as they reduce relative 
emissions and power consumption per unit of power. It carries added negative 
environmental influences but this can easily be addressed through conventional techniques 
without an increment in costs.  
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Overall ORC implementation could be a major improvement for small capacity IC 
Engine and Gas Turbine based power plants but it suffers from high capital prices due to the 
novelty of this technology and that it has not achieve a balance between output, size and 
reduction in its production costs. This situation is particularly due to lack of an economy of 
scale scenario. 

In order to create a better economical climate this economic scaling should be created. 
This could be implemented through smart equipment downsizing, policy supporting and 
exploiting power market externalities.  

This investigation proved that ORCs with reduced capacity performs better due to its 
considerable reduction in capital costs, therefore in current applications is more convenient 
to sacrifice power output if it carries considerable size and capital cost reduction.  

The market could and should support and reward this type of techniques, through 
policies, due to the fact this technologies increase the sustainability level of intrinsic 
unsustainable energy sources. 

Finally market externalities, should be studied and analyzed from an added benefit 
standpoint. Examples include: 

 
• Effects of partial load operation of IC Engines and Gas Turbines in ORCs 
• Asses the added benefits in a cap and trade market of implementing ORCs 
• Study how more restrigent emissions would affect current operating IC Engine 

and Gas Turbine power plants and the potential of ORC as emission alleviation 
process. 

6. FURTHER ANALYSIS 
 

This investigation, although extensive, still can increase the depth of the analysis and 
reliability through particular tasks. These activities were not performed due to time 
constrains and/or lack of information. The improvement areas are 

 
• Contrast of model results with real life operative performance of ORCs 
• Improvement of the modeling equations for each fluids 
• Analytical size of each of the components in the studied cases 
• Study the effect in other air emissions beside NOx from ORC implementation 
• Study the externalitites mentioned in the past section. 
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8. APPENDIXES 
 

8.1. APPENDIX: LIST OF SIMULATION VARIABLES 

 
List of Variables used in the EES model for the Organic Rankine Cycle Configuration. 

Table 28: Classification of ORCs according to their critical temperature  
 

Variable	 Description	 Unit	
DELTA_T_PP	 Minimum	Temperature	Difference	 C	

DELTA_T_SUPERHEAT	 Superheating	Temperature	Difference	 C	
DH_1	 Enthalpy	difference	of	Flue	Gas	at	Point	1	 KJ/kg	
DH_9	 Enthalpy	difference	of	Flue	Gas	at	Point	9	 kj/kg	
DH_IN	 Enthalpy	difference	of	Flue	Gas	at	Point	Inlet	 KJ/kg	

DH_OUT	
Enthalpy	difference	of	Flue	Gas	at	Point	

Outlet	 KJ/kg	
FLUID$	 Fluid	Selection	String	Variable	 dim	
H_1	 Enthalpy	of	ORC	Fluid	at	Point	1	 kJ/(kg)	

H_1_AIR	 Enthalpy	of	Air	in	Flue	Gas	at	Point	1	 kJ/(kg)	
H_1_HS	 Enthalpy	of	Flue	Gas	at	Point	1	 kJ/(kg)	
H_10	 Enthalpy	of	ORC	Fluid	at	Point	10	 kJ/(kg)	
H_2	 Enthalpy	of	ORC	Fluid	at	Point	2	 kJ/(kg)	
H_3	 Enthalpy	of	ORC	Fluid	at	Point	3	 kJ/(kg)	

H_3_IS	 Isoentropic	Enthalpy	of	ORC	Fluid	at	Point	3	 kJ/(kg)	
H_4	 Enthalpy	of	ORC	Fluid	at	Point	4	 kJ/(kg)	
H_5	 Enthalpy	of	ORC	Fluid	at	Point	5	 kJ/(kg)	
H_6	 Enthalpy	of	ORC	Fluid	at	Point	6	 kJ/(kg)	
H_7	 Enthalpy	of	ORC	Fluid	at	Point	7	 kJ/(kg)	

H_7_IS	 Isoentropic	Enthalpy	of	ORC	Fluid	at	Point	7	 kJ/(kg)	
H_8	 Enthalpy	of	ORC	Fluid	at	Point	8	 kJ/(kg)	
H_9	 Enthalpy	of	ORC	Fluid	at	Point	9	 kJ/(kg)	

H_9_AIR	 Enthalpy	of	Air	in	Flue	Gas	at	Point	9	 kj/kg	
H_9_HS	 Enthalpy	of	Flue	Gas	at	Point	9	 kj/kg	
H_EVAP	 Enthalpy	of	Evaporation	of	ORC	Fluid	 KJ/KG	
H_IN_AIR	 Enthalpy	of	Air	in	Flue	Gas	at	Inlet	 kJ/(kg)	
H_IN_HS	 Enthalpy	of	Flue	Gas	at	Inlet	 kJ/(kg)	

H_OUT_AIR	 Enthalpy	of	Air	in	Flue	Gas	at	Outlet	 kJ/(kg)	
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H_OUT_HS	 Enthalpy	of	Flue	Gas	at	Outlet	 kJ/(kg)	
HS$	 Source	Selection	String	Variable	 dim	

M_DOT_HS	 Mass	Flow	Heat	Source	 kg/s	
M_DOT_ORC	 Mass	Flow	ORC	Fluid	 kg/s	

N_EFF_ELEC_HS	 Electrical	Efficiency	Source	Cycle	 dim	
N_ELEC_ORC	 Electrical	Efficiency	ORC	 dim	
N_ELEC_TOTAL	 Total	Electrical	Efficiency	 dim	
N_GEN_ORC	 Generator	Efficiency	 dim	
N_MEC_ORC	 Turbine	Mechanical	Efficiency	 dim	
N_P_IS_ORC	 Pump	isentropic	Efficiency	 dim	
N_PUMP_ORC	 Electromechanical	Efficiency	of	Pump	 dim	
N_T_IS_ORC	 Turbine	Isentropic	Efficiency	 dim	

P_1	 Pressure	of	ORC	Fluid	at	Point	1	 bar	
P_10	 Pressure	of	ORC	Fluid	at	Point	10	 bar	
P_2	 Pressure	of	ORC	Fluid	at	Point	2	 bar	
P_3	 Pressure	of	ORC	Fluid	at	Point	3	 bar	
P_4	 Pressure	of	ORC	Fluid	at	Point	4	 bar	
P_5	 Pressure	of	ORC	Fluid	at	Point	5	 bar	
P_6	 Pressure	of	ORC	Fluid	at	Point	6	 bar	
P_7	 Pressure	of	ORC	Fluid	at	Point	7	 bar	
P_8	 Pressure	of	ORC	Fluid	at	Point	8	 bar	
P_9	 Pressure	of	ORC	Fluid	at	Point	9	 bar	

P_COND	 Condensation	Pressure	of	ORC	Fluid		 bar	
P_HIGH	 High	Pressure	of	ORC	 bar	

P_PARAMETER	 Pressure	Difference	(P_Crit_ORC-P_HIGH)	 bar	
POW	 Exergy	of	the	ORC	 KW	

POW_HS	 Exergy	of	the	HS	 MW	
POW_HS_GT	 Exergy	of	the	HS,	Specific	to	Gas	Turbines	 MW	
POW_ORC	 Net	Power	Outlet	of	the	ORC	 MW	
POW_TOTAL	 Total	Power	Outlet	of	the	ORC	 MW	

Q_CONDENSER	 Heat	dissipated	in	the	condenser	 KW	
Q_GAS_HS	 Total	Energy	Inlet	to	both	cycles	 MW	
Q_HRVG	 Heat	dissipated	in	the	condenser	 KW	
Q_REGEN	 Available	Waste	Heat	 KW	
REGEN%	 Percentage	of	Regenerated	Heat	in	the	ORC	 dim	
S[1]	 Entropy	of	ORC	Fluid	at	Point	1	 kJ/kg·K	
S[10]	 Entropy	of	ORC	Fluid	at	Point	10	 kJ/kg·K	
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S[2]	 Entropy	of	ORC	Fluid	at	Point	2	 kJ/kg·K	
S[3]	 Entropy	of	ORC	Fluid	at	Point	3	 kJ/kg·K	
S[4]	 Entropy	of	ORC	Fluid	at	Point	4	 kJ/kg·K	
S[5]	 Entropy	of	ORC	Fluid	at	Point	5	 kJ/kg·K	
S[6]	 Entropy	of	ORC	Fluid	at	Point	6	 kJ/kg·K	
S[7]	 Entropy	of	ORC	Fluid	at	Point	7	 kJ/kg·K	
S[8]	 Entropy	of	ORC	Fluid	at	Point	8	 kJ/kg·K	
S[9]	 Entropy	of	ORC	Fluid	at	Point	9	 kJ/kg·K	
T[1]	 Temperature	of	ORC	Fluid	at	Point	1	 C	
T[10]	 Temperature	of	ORC	Fluid	at	Point	10	 C	
T[2]	 Temperature	of	ORC	Fluid	at	Point	2	 C	
T[3]	 Temperature	of	ORC	Fluid	at	Point	3	 C	
T[4]	 Temperature	of	ORC	Fluid	at	Point	4	 C	
T[5]	 Temperature	of	ORC	Fluid	at	Point	5	 C	
T[6]	 Temperature	of	ORC	Fluid	at	Point	6	 C	
T[7]	 Temperature	of	ORC	Fluid	at	Point	7	 C	
T[8]	 Temperature	of	ORC	Fluid	at	Point	8	 C	
T[9]	 Temperature	of	ORC	Fluid	at	Point	9	 C	

T_COND	 Temperature	of	Condensation	ORC	 C	
T_HS[1]	 Temperature	of	HS	at	Point	1	 C	
T_HS[10]	 Temperature	of	HS	at	Point	10	 C	
T_HS[2]	 Temperature	of	HS	at	Point	2	 C	
T_HS[8]	 Temperature	of	HS	at	Point	8	 C	
T_HS[9]	 Temperature	of	HS	at	Point	9	 C	

T_SUPERHEAT	 Superheat	Temperature		 C	
W_NET	 Net	Work	Outlet	of	the	ORC	 KW	
W_PUMP	 Work	Inlet	of	the	Pump	 KW	

W_TURBINE	 Work	Outlet	of	the	Turbine	 KW	
X	 Gas	content	in	the	Flue	Gas	 dim	
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8.2. APPENDIX: ENTHALPIES OF AIR AND GASES FROM COMBUSTION AS A FUNCTION 

OF TEMPERATURE (REFERED AS AIR IN SIMULATION CODE) 

 
List of air and gas enthalpies related to its specific temperature. 

Table 29: Air and Gas Enthalpies Product of Combustion16 
 

T_Air	 h_Air	 Dh	
C	 KJ/kg	 KJ/kg	
10	 10.31	 0.5	
20	 20.35	 1	
30	 30.4	 1.6	
40	 40.45	 2.1	
50	 50.5	 2.7	
60	 60.57	 3.3	
70	 70.64	 3.9	
80	 80.72	 4.6	
90	 90.8	 5.2	
100	 100.9	 5.9	
110	 111	 6.6	
120	 121.1	 7.3	
130	 131.3	 8	
140	 141.4	 8.7	
150	 151.6	 9.4	
160	 161.7	 10.2	
170	 171.9	 10.9	
180	 182.1	 11.7	
190	 192.3	 12.5	
200	 202.6	 13.3	
210	 212.8	 14.1	
220	 223.1	 14.9	
230	 233.4	 15.7	
240	 243.7	 16.6	
250	 254	 17.4	
260	 264.4	 18.3	
270	 274.7	 19.1	

                                                        
 
16 KTH : Sustainable Power Generation Table 
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280	 285.1	 20	
290	 295.5	 20.9	
300	 306	 21.8	
310	 316.4	 22.7	
320	 326.9	 23.6	
330	 337.4	 24.5	
340	 347.9	 25.4	
350	 358.5	 26.4	
360	 369.1	 27.3	
370	 379.7	 28.3	
380	 390.3	 29.2	
390	 400.9	 30.2	
400	 411.6	 31.2	
410	 422.3	 32.2	
420	 433	 33.1	
430	 443.8	 34.1	
440	 454.5	 35.1	
450	 465.3	 36.2	
460	 476.1	 37.2	
470	 487	 38.2	
480	 497.8	 39.2	
490	 508.7	 40.3	
500	 519.6	 41.3	
510	 530.6	 42.4	
520	 541.5	 43.4	
530	 552.5	 44.5	
540	 563.5	 45.6	
550	 574.5	 46.7	
560	 585.6	 47.8	
570	 596.7	 48.9	
580	 607.7	 50	
590	 618.9	 51.1	
600	 630	 52.2	
610	 641.2	 53.3	
620	 652.3	 54.5	
630	 663.5	 55.6	
640	 674.8	 56.7	
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650	 686	 57.9	
660	 697.3	 59.1	
670	 708.6	 60.2	
680	 719.9	 61.4	
690	 731.2	 62.6	
700	 742.5	 63.8	
710	 753.9	 65	
720	 765.3	 66.2	
730	 776.7	 67.4	
740	 788.1	 68.6	
750	 799.6	 69.8	
760	 811	 71	
770	 822.5	 72.3	
780	 834	 73.5	
790	 845.5	 74.8	
800	 857.1	 76	
810	 868.6	 77.3	
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8.3. APPENDIX: POTENTIAL REFRIGERANT LIST 

 

Table 30: Assessed Organic Fluids, based on previous investigations17 
 

Substance	
	

Family	
	

Tc	 Pc	 TAI	 Criteria	
1	

Criteria	
2	

Criteria	
3	

Applicable	
[C]	 [bar]	 [C]	

n-Butane	 Alkanes	 151.05	 39.22	 364.85	 Y	 Y	 Y	 		
n-Pentane	 Alkanes	 196.50	 33.7	 259.85	 Y	 Y	 N	 		

Cyclopentane	 Alkanes	 238.55	 45.1	 361	 Y	 N	 Y	 		
MM	 Siloxanes	 245.55	 19.25	 340	 Y	 Y	 Y	 		
MDM	 Siloxanes	 290.98	 14.15	 350	 Y	 Y	 Y	 		
Toluene	 Aromates	 318.65	 41.09	 480	 Y	 Y	 Y	 		
MD2M	 Siloxanes	 326.25	 11.9	 N/A	 Y	 N	 N	 		
p-Xylene	 Aromates	 343.08	 35.11	 528	 Y	 Y	 Y	 		
m-Xylene	 Aromates	 343.90	 35.41	 527	 Y	 Y	 Y	 		

Ethylbenzene	 Aromates	 343.87	 36.09	 432	 Y	 Y	 Y	 		
MD3M	 Siloxanes	 355.85	 9.45	 430	 Y	 N	 Y	 		
o-Xylene	 Aromates	 357.18	 37.32	 463	 Y	 Y	 Y	 		
MD4M	 Siloxanes	 380.10	 8.775	 418	 Y	 Y	 Y	 		

Butylbenzene	 Aromates	 386.90	 28.87	 412	 Y	 N	 Y	 		
Propylbenzene	 Aromates	 364.85	 32	 568.85	 Y	 N	 Y	 		

D4	 Siloxanes	 313.00	 13.32	 384	 Y	 Y	 Y	 		
D5	 Siloxanes	 346.00	 11.6	 386	 Y	 Y	 Y	 		
D6	 Siloxanes	 372.00	 9.61	 368	 Y	 N	 Y	 		

 
Notes: 
 

1. P-xylene and Ethylbenzene were eliminated from the analyzed fluids due to Point 6 
of the Selection Criteria. 

2. D4, D5 were eliminated from the analyzed fluids due to Point 6 of the Selection 
Criteria. 

  

                                                        
 
17 KTH : Sustainable Power Generation Table 
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8.4. APPENDIX: EES SIMULATION CODE 

 
"Program for Master Thesis: ORC Analysis" 
$ComplexOff 
$UnitSystem SI C bar kJ mass 
 
"Assumptions: 
 
-No Pressure Losses 
- Cp Gas @" 
 
"ORC Cycle" 
 
 
"Heat Source" 
"Program for Master Thesis: ORC Analysis" 
$ComplexOff 
$UnitSystem SI C bar kJ mass 
 
"Assumptions: 
 
- No Pressure Losses" 
 
"Heat Source----------------------------------------------------------------------------------------------------------------------
----------------------------------" 
 
$IF HS$='1' 
 
"Gas Turbine" 
 
$ifnot ParametricTable=Gas Turbine 
$ifnot ParametricTable=Gas TurbineVar 
Pow_HS_GT= 12.9 [MW]  "Turbine Data 50 Hz Option" 
 
$endif 
$endif 
 
Pow_HS=Pow_HS_GT 
n_eff_elec_HS=interpolate('Gas Turbine',Pow_HS_GT,n_eff_elec_HS_GT,Pow_HS_GT=Pow_HS)    
m_dot_HS=interpolate('Gas Turbine',Pow_HS_GT,m_dot_HS_GT,Pow_HS_GT=Pow_HS)    
T_HS[2]= interpolate('Gas Turbine',Pow_HS_GT,T_HS_In_GT,Pow_HS_GT=Pow_HS)    
x=interpolate('Gas Turbine',Pow_HS_GT,Quality_GT,Pow_HS_GT=Pow_HS)    
Q_Gas_HS=Pow_HS/n_eff_elec_HS 
 
$ELSE 
 
$IF HS$='2' 
 
 
"IC Engine" 
 
$ifnot ParametricTable=ICEngineGF 
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Mod=50 [dim] 
 
 
$endif 
 
POW_GM=interpolate('IC1',POW_Eng,Model,Model=Mod) 
Pow_HS_GF=Pow_GM*Convert(KW,MW) 
Pow_HS=Pow_HS_GF 
 
n_eff_elec_HS=interpolate('IC1',Efficiency_Gas,Model,Model=Mod)   
 
m_dot_HS=interpolate('IC1',m_dot_Eng_gas,Model,Model=Mod) 
  
T_HS[2]=interpolate('IC1',T_HS_In_Gas,Model,Model=Mod)  
  
x=interpolate('IC1',Quality_Gas,Model,Model=Mod)  
  
Q_Gas_HS=Pow_HS/n_eff_elec_HS  
 
$ELSE 
 
$ifnot ParametricTable=ICEngineLF 
 
 
Mod=34 [dim] 
Load=100 [dim] 
 
$endif 
  
POW_GM=interpolate('IC1',POW_Eng,Model,Model=Mod) 
Pow_Eng_LF=Pow_GM*Convert(KW,MW) 
Pow_HS=Pow_Eng_LF 
 
n_eff_elec_HS=interpolate('IC1',Efficiency_LF,Model,Model=Mod) 
 
m_dot_HS=interpolate('IC1',m_dot_Eng_LF,Model,Model=Mod) 
   
T_HS[2]=interpolate('IC1',T_HS_In_LF,Model,Model=Mod) 
 
x=interpolate('IC1',Quality_LF,Model,Model=Mod) 
 
Q_Gas_HS=Pow_HS/n_eff_elec_HS 
 
$ENDIF 
$ENDIF 
 
 
"Variables_________________________________________________________________________
________________" 
 
 
 
T_SuperHeat=T[10]+Delta_T_SuperHeat 
 
"Fluids-------------------------------------------------------------------------------------------------------------------------------
-----------------------------------" 
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$IF Fluid$='1' 
 
T_HS[8]=T[8]+Delta_T_PP  
 
$ifnot ParametricTable=PressureDif 
 
P_Parameter=0.5 [bar] 
 
$endif 
 
$ifnot ParametricTable=Pinch Point 
Delta_T_PP=10 
$endif 
 
$ifnot ParametricTable=SH Temperature 
Delta_T_SuperHeat=0.5 
$endif 
 
$ifnot ParametricTable=Regen% 
Regen%=0.99 
$endif 
 
T_Cond=50 [C] 
P_High=P_crit(MM)-P_Parameter 
P_Cond=P_sat(MM,T=T_Cond) 
 
 
"Pressures" 
 
P_1=P_High 
P_2=P_High 
P_3=P_Cond 
P_4=P_Cond 
P_5=P_Cond 
P_6=P_Cond 
P_7=P_High 
P_8=P_High 
P_9=P_High 
P_10=P_1 
 
"Enthalpies" 
 
h_evap=Enthalpy_vaporization(MM,P=P_High) 
h_2=Enthalpy(MM,P=P_2,T=T_SuperHeat) 
h_3_is=Enthalpy(MM,P=P_3,s=s[2]) 
h_5=Enthalpy(MM,P=P_5,x=1) 
h_6=Enthalpy(MM,P=P_6,x=0) 
h_7_is=Enthalpy(MM,P=P_7,s=s[6]) 
h_9=Enthalpy(MM,P=P_High,x=0) 
h_10=h_1 
 
 
 
 
"Temperature Arrays" 
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"ORC" 
 
T[1]=Temperature(MM,P=P_1,h=h_1) 
T[2]=Temperature(MM,P=P_2,h=h_2) 
T[3]=Temperature(MM,P=P_3,h=h_3) 
T[4]=Temperature(MM,P=P_4,h=h_4) 
T[5]=Temperature(MM,P=P_5,h=h_5) 
T[6]=Temperature(MM,P=P_6,h=h_6) 
T[7]=Temperature(MM,P=P_7,h=h_7) 
T[8]=Temperature(MM,P=P_8,h=h_8) 
T[9]=Temperature(MM,P=P_9,h=h_9) 
T[10]=T[1] 
 
 
"Entropy Arrays" 
 
s[1]=Entropy(MM,P=P_1,h=h_1) 
s[2]=Entropy(MM,P=P_2,h=h_2) 
s[3]=Entropy(MM,P=P_3,h=h_3) 
s[4]=Entropy(MM,P=P_4,h=h_4) 
s[5]=Entropy(MM,P=P_5,h=h_5) 
s[6]=Entropy(MM,P=P_6,h=h_6) 
s[7]=Entropy(MM,P=P_7,h=h_7) 
s[8]=Entropy(MM,P=P_8,h=h_8) 
s[9]=Entropy(MM,P=P_9,h=h_9) 
s[10]=s[1] 
 
$ELSE 
 
$IF Fluid$='2' 
 
T_HS[8]=T[8]+Delta_T_PP  
 
$ifnot ParametricTable=PressureDif 
 
P_Parameter=0.5 [Bar] 
$endif 
 
$ifnot ParametricTable=Pinch Point 
 
Delta_T_PP=10 
 
$endif 
 
$ifnot ParametricTable=SH Temperature 
 
Delta_T_SuperHeat=0.5 
 
$endif 
 
$ifnot ParametricTable=Regen% 
 
Regen%=0.99 
 
$endif 
 
T_Cond=50 [C] 
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P_High=P_crit(MDM)-P_Parameter 
P_Cond=P_sat(MDM,T=T_Cond) 
 
"Pressures" 
 
P_1=P_High 
P_2=P_High 
P_3=P_Cond 
P_4=P_Cond 
P_5=P_Cond 
P_6=P_Cond 
P_7=P_High 
P_8=P_High 
P_9=P_High 
P_10=P_1 
 
"Enthalpies" 
 
h_evap=Enthalpy_vaporization(MDM,P=P_High) 
h_2=Enthalpy(MDM,P=P_2,T=T_SuperHeat) 
h_3_is=Enthalpy(MDM,P=P_3,s=s[2]) 
h_5=Enthalpy(MDM,P=P_5,x=1) 
h_6=Enthalpy(MDM,P=P_6,x=0) 
h_7_is=Enthalpy(MDM,P=P_7,s=s[6]) 
h_9=Enthalpy(MDM,P=P_High,x=0) 
h_10=h_1 
 
 
 
"Temperature Arrays" 
 
"ORC" 
 
T[1]=Temperature(MDM,P=P_1,h=h_1) 
T[2]=Temperature(MDM,P=P_2,h=h_2) 
T[3]=Temperature(MDM,P=P_3,h=h_3) 
T[4]=Temperature(MDM,P=P_4,h=h_4) 
T[5]=Temperature(MDM,P=P_5,h=h_5) 
T[6]=Temperature(MDM,P=P_6,h=h_6) 
T[7]=Temperature(MDM,P=P_7,h=h_7) 
T[8]=Temperature(MDM,P=P_8,h=h_8) 
T[9]=Temperature(MDM,P=P_9,h=h_9) 
T[10]=T[1] 
 
"Entropy Arrays" 
 
s[1]=Entropy(MDM,P=P_1,h=h_1) 
s[2]=Entropy(MDM,P=P_2,h=h_2) 
s[3]=Entropy(MDM,P=P_3,h=h_3) 
s[4]=Entropy(MDM,P=P_4,h=h_4) 
s[5]=Entropy(MDM,P=P_5,h=h_5) 
s[6]=Entropy(MDM,P=P_6,h=h_6) 
s[7]=Entropy(MDM,P=P_7,h=h_7) 
s[8]=Entropy(MDM,P=P_8,h=h_8) 
s[9]=Entropy(MDM,P=P_9,h=h_9) 
s[10]=s[1] 
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$ELSE 
 
$IF Fluid$='3' 
 
 
$ifnot ParametricTable=PressureDif 
 
P_Parameter=8 
 
$endif 
 
 
T_HS[8]=T[8]+Delta_T_PP  
"T_HS[9]=T[9]+Delta_T_PP " 
 
 
$ifnot ParametricTable=Pinch Point 
 
Delta_T_PP=10 
 
$endif 
 
$ifnot ParametricTable=SH Temperature 
 
Delta_T_SuperHeat=0.5 
 
$endif 
 
$ifnot ParametricTable=Regen% 
 
Regen%=0.99 
 
$endif 
 
T_Cond=50 [C] 
P_High=P_crit(MD4M)-P_Parameter 
P_Cond=P_sat(MD4M,T=T_Cond) 
 
 
"Pressures" 
 
P_1=P_High 
P_2=P_High 
P_3=P_Cond 
P_4=P_Cond 
P_5=P_Cond 
P_6=P_Cond 
P_7=P_High 
P_8=P_High 
P_9=P_High 
P_10=P_1 
 
"Enthalpies" 
 
h_evap=Enthalpy_vaporization(MD4M,P=P_High) 
h_2=Enthalpy(MD4M,P=P_2,T=T_SuperHeat) 
h_3_is=Enthalpy(MD4M,P=P_3,s=s[2]) 
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h_5=Enthalpy(MD4M,P=P_5,x=1) 
h_6=Enthalpy(MD4M,P=P_6,x=0) 
h_7_is=Enthalpy(MD4M,P=P_7,s=s[6]) 
h_9=Enthalpy(MD4M,P=P_High,x=0) 
h_10=h_1 
 
 
 
"Temperature Arrays" 
 
"ORC" 
 
T[1]=Temperature(MD4M,P=P_1,h=h_1) 
T[2]=Temperature(MD4M,P=P_2,h=h_2) 
T[3]=Temperature(MD4M,P=P_3,h=h_3) 
T[4]=Temperature(MD4M,P=P_4,h=h_4) 
T[5]=Temperature(MD4M,P=P_5,h=h_5) 
T[6]=Temperature(MD4M,P=P_6,h=h_6) 
T[7]=Temperature(MD4M,P=P_7,h=h_7) 
T[8]=Temperature(MD4M,P=P_8,h=h_8) 
T[9]=Temperature(MD4M,P=P_9,h=h_9) 
T[10]=T[1] 
 
 
"Entropy Arrays" 
 
s[1]=Entropy(MD4M,P=P_1,h=h_1) 
s[2]=Entropy(MD4M,P=P_2,h=h_2) 
s[3]=Entropy(MD4M,P=P_3,h=h_3) 
s[4]=Entropy(MD4M,P=P_4,h=h_4) 
s[5]=Entropy(MD4M,P=P_5,h=h_5) 
s[6]=Entropy(MD4M,P=P_6,h=h_6) 
s[7]=Entropy(MD4M,P=P_7,h=h_7) 
s[8]=Entropy(MD4M,P=P_8,h=h_8) 
s[9]=Entropy(MD4M,P=P_9,h=h_9) 
s[10]=s[1] 
 
$ELSE 
 
$IF Fluid$='4' 
 
T_HS[8]=T[8]+Delta_T_PP  
 
$ifnot ParametricTable=PressureDif 
P_Parameter=0.5 [bar] 
$endif 
 
$ifnot ParametricTable=Pinch Point 
Delta_T_PP=10 
$endif 
 
$ifnot ParametricTable=SH Temperature 
Delta_T_SuperHeat=0.5 
$endif 
 
$ifnot ParametricTable=Regen% 
Regen%=0.1 
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$endif 
 
 
T_Cond=50 [C] 
P_High=P_crit(n-Butane)-P_Parameter 
P_Cond=P_sat(n-Butane,T=T_Cond) 
 
 
"Pressures" 
 
P_1=P_High 
P_2=P_High 
P_3=P_Cond 
P_4=P_Cond 
P_5=P_Cond 
P_6=P_Cond 
P_7=P_High 
P_8=P_High 
P_9=P_High 
P_10=P_1 
 
"Enthalpies" 
 
h_evap=Enthalpy_vaporization(n-Butane,P=P_High) 
h_2=Enthalpy(n-Butane,P=P_2,T=T_SuperHeat) 
h_3_is=Enthalpy(n-Butane,P=P_3,s=s[2]) 
h_5=Enthalpy(n-Butane,P=P_5,x=1) 
h_6=Enthalpy(n-Butane,P=P_6,x=0) 
h_7_is=Enthalpy(n-Butane,P=P_7,s=s[6]) 
h_9=Enthalpy(n-Butane,P=P_High,x=0) 
h_10=h_1 
 
"Temperature Arrays" 
 
"ORC" 
 
T[1]=Temperature(n-Butane,P=P_1,h=h_1) 
T[2]=Temperature(n-Butane,P=P_2,h=h_2) 
T[3]=Temperature(n-Butane,P=P_3,h=h_3) 
T[4]=Temperature(n-Butane,P=P_4,h=h_4) 
T[5]=Temperature(n-Butane,P=P_5,h=h_5) 
T[6]=Temperature(n-Butane,P=P_6,h=h_6) 
T[7]=Temperature(n-Butane,P=P_7,h=h_7) 
T[8]=Temperature(n-Butane,P=P_8,h=h_8) 
T[9]=Temperature(n-Butane,P=P_9,h=h_9) 
T[10]=T[1] 
 
 
"Entropy Arrays" 
 
s[1]=Entropy(n-Butane,P=P_1,h=h_1) 
s[2]=Entropy(n-Butane,P=P_2,h=h_2) 
s[3]=Entropy(n-Butane,P=P_3,h=h_3) 
s[4]=Entropy(n-Butane,P=P_4,h=h_4) 
s[5]=Entropy(n-Butane,P=P_5,h=h_5) 
s[6]=Entropy(n-Butane,P=P_6,h=h_6) 
s[7]=Entropy(n-Butane,P=P_7,h=h_7) 
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s[8]=Entropy(n-Butane,P=P_8,h=h_8) 
s[9]=Entropy(n-Butane,P=P_9,h=h_9) 
s[10]=s[1] 
 
$ELSE 
 
$IF Fluid$='5' 
 
T_HS[8]=T[8]+Delta_T_PP  
 
$ifnot ParametricTable=PressureDif 
 
P_Parameter=0.75[bar] 
 
$endif 
 
$ifnot ParametricTable=Pinch Point 
Delta_T_PP=10 
$endif 
 
$ifnot ParametricTable=SH Temperature 
Delta_T_SuperHeat=9 
$endif 
 
$ifnot ParametricTable=Regen% 
Regen%=0.1 
$endif 
 
 
T_Cond=50 [C] 
P_High=P_crit(Toluene)-P_Parameter 
P_Cond=P_sat(Toluene,T=T_Cond) 
 
 
"Pressures" 
 
P_1=P_High 
P_2=P_High 
P_3=P_Cond 
P_4=P_Cond 
P_5=P_Cond 
P_6=P_Cond 
P_7=P_High 
P_8=P_High 
P_9=P_High 
P_10=P_1 
 
"Enthalpies" 
 
h_evap=Enthalpy_vaporization(Toluene,P=P_High) 
h_2=Enthalpy(Toluene,P=P_2,T=T_SuperHeat) 
h_3_is=Enthalpy(Toluene,P=P_3,s=s[2]) 
h_5=Enthalpy(Toluene,P=P_5,x=1) 
h_6=Enthalpy(Toluene,P=P_6,x=0) 
h_7_is=Enthalpy(Toluene,P=P_7,s=s[6]) 
h_9=Enthalpy(Toluene,P=P_High,x=0) 
h_10=h_1 
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"Temperature Arrays" 
 
"ORC" 
 
T[1]=Temperature(Toluene,P=P_1,h=h_1) 
T[2]=Temperature(Toluene,P=P_2,h=h_2) 
T[3]=Temperature(Toluene,P=P_3,h=h_3) 
T[4]=Temperature(Toluene,P=P_4,h=h_4) 
T[5]=Temperature(Toluene,P=P_5,h=h_5) 
T[6]=Temperature(Toluene,P=P_6,h=h_6) 
T[7]=Temperature(Toluene,P=P_7,h=h_7) 
T[8]=Temperature(Toluene,P=P_8,h=h_8) 
T[9]=Temperature(Toluene,P=P_9,h=h_9) 
T[10]=T[1] 
 
 
"Entropy Arrays" 
 
s[1]=Entropy(Toluene,P=P_1,h=h_1) 
s[2]=Entropy(Toluene,P=P_2,h=h_2) 
s[3]=Entropy(Toluene,P=P_3,h=h_3) 
s[4]=Entropy(Toluene,P=P_4,h=h_4) 
s[5]=Entropy(Toluene,P=P_5,h=h_5) 
s[6]=Entropy(Toluene,P=P_6,h=h_6) 
s[7]=Entropy(Toluene,P=P_7,h=h_7) 
s[8]=Entropy(Toluene,P=P_8,h=h_8) 
s[9]=Entropy(Toluene,P=P_9,h=h_9) 
s[10]=s[1] 
 
$ELSE 
 
$IF Fluid$='6' 
 
T_HS[9]=T[9]+Delta_T_PP  
 
$ifnot ParametricTable=PressureDif 
 
P_Parameter=31 [Bar] 
 
$endif 
 
$ifnot ParametricTable=Pinch Point 
Delta_T_PP=10 
$endif 
 
$ifnot ParametricTable=SH Temperature 
Delta_T_SuperHeat=1 
$endif 
 
$ifnot ParametricTable=Regen% 
Regen%=0.1 
 
$endif 
 
T_Cond=50 [C] 
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P_High=P_crit(m-Xylene)-P_Parameter 
P_Cond=P_sat(m-Xylene,T=T_Cond) 
 
 
"Pressures" 
 
P_1=P_High 
P_2=P_High 
P_3=P_Cond 
P_4=P_Cond 
P_5=P_Cond 
P_6=P_Cond 
P_7=P_High 
P_8=P_High 
P_9=P_High 
P_10=P_1 
 
"Enthalpies" 
 
h_evap=Enthalpy_vaporization(m-Xylene,P=P_High) 
h_2=Enthalpy(m-Xylene,P=P_2,T=T_SuperHeat) 
h_3_is=Enthalpy(m-Xylene,P=P_3,s=s[2]) 
h_5=Enthalpy(m-Xylene,P=P_5,x=1) 
h_6=Enthalpy(m-Xylene,P=P_6,x=0) 
h_7_is=Enthalpy(m-Xylene,P=P_7,s=s[6]) 
h_9=Enthalpy(m-Xylene,P=P_High,x=0) 
h_10=h_1 
 
 
 
"Temperature Arrays" 
 
"ORC" 
 
T[1]=Temperature(m-Xylene,P=P_1,h=h_1) 
T[2]=Temperature(m-Xylene,P=P_2,h=h_2) 
T[3]=Temperature(m-Xylene,P=P_3,h=h_3) 
T[4]=Temperature(m-Xylene,P=P_4,h=h_4) 
T[5]=Temperature(m-Xylene,P=P_5,h=h_5) 
T[6]=Temperature(m-Xylene,P=P_6,h=h_6) 
T[7]=Temperature(m-Xylene,P=P_7,h=h_7) 
T[8]=Temperature(m-Xylene,P=P_8,h=h_8) 
T[9]=Temperature(m-Xylene,P=P_9,h=h_9) 
T[10]=T[1] 
 
 
"Entropy Arrays" 
 
s[1]=Entropy(m-Xylene,P=P_1,h=h_1) 
s[2]=Entropy(m-Xylene,P=P_2,h=h_2) 
s[3]=Entropy(m-Xylene,P=P_3,h=h_3) 
s[4]=Entropy(m-Xylene,P=P_4,h=h_4) 
s[5]=Entropy(m-Xylene,P=P_5,h=h_5) 
s[6]=Entropy(m-Xylene,P=P_6,h=h_6) 
s[7]=Entropy(m-Xylene,P=P_7,h=h_7) 
s[8]=Entropy(m-Xylene,P=P_8,h=h_8) 
s[9]=Entropy(m-Xylene,P=P_9,h=h_9) 
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s[10]=s[1] 
 
$ELSE 
 
T_HS[8]=T[8]+Delta_T_PP  
 
$ifnot ParametricTable=PressureDif 
 
P_Parameter=0.5 [Bar] 
 
$endif 
 
$ifnot ParametricTable=Pinch Point 
Delta_T_PP=10 
$endif 
 
$ifnot ParametricTable=SH Temperature 
Delta_T_SuperHeat=0.5 
$endif 
 
 
 
$ifnot ParametricTable=Regen% 
Regen%=0.4 
 
$endif 
 
T_Cond=50 [C] 
P_High=P_crit(o-Xylene)-P_Parameter 
P_Cond=P_sat(o-Xylene,T=T_Cond) 
 
 
"Pressures" 
 
P_1=P_High 
P_2=P_High 
P_3=P_Cond 
P_4=P_Cond 
P_5=P_Cond 
P_6=P_Cond 
P_7=P_High 
P_8=P_High 
P_9=P_High 
P_10=P_1 
 
"Enthalpies" 
 
h_evap=Enthalpy_vaporization(o-Xylene,P=P_High) 
h_2=Enthalpy(o-Xylene,P=P_2,T=T_SuperHeat) 
h_3_is=Enthalpy(o-Xylene,P=P_3,s=s[2]) 
h_5=Enthalpy(o-Xylene,P=P_5,x=1) 
h_6=Enthalpy(o-Xylene,P=P_6,x=0) 
h_7_is=Enthalpy(o-Xylene,P=P_7,s=s[6]) 
h_9=Enthalpy(o-Xylene,P=P_High,x=0) 
h_10=h_1 
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"Temperature Arrays" 
 
"ORC" 
 
T[1]=Temperature(o-Xylene,P=P_1,h=h_1) 
T[2]=Temperature(o-Xylene,P=P_2,h=h_2) 
T[3]=Temperature(o-Xylene,P=P_3,h=h_3) 
T[4]=Temperature(o-Xylene,P=P_4,h=h_4) 
T[5]=Temperature(o-Xylene,P=P_5,h=h_5) 
T[6]=Temperature(o-Xylene,P=P_6,h=h_6) 
T[7]=Temperature(o-Xylene,P=P_7,h=h_7) 
T[8]=Temperature(o-Xylene,P=P_8,h=h_8) 
T[9]=Temperature(o-Xylene,P=P_9,h=h_9) 
T[10]=T[1] 
 
 
"Entropy Arrays" 
 
s[1]=Entropy(o-Xylene,P=P_1,h=h_1) 
s[2]=Entropy(o-Xylene,P=P_2,h=h_2) 
s[3]=Entropy(o-Xylene,P=P_3,h=h_3) 
s[4]=Entropy(o-Xylene,P=P_4,h=h_4) 
s[5]=Entropy(o-Xylene,P=P_5,h=h_5) 
s[6]=Entropy(o-Xylene,P=P_6,h=h_6) 
s[7]=Entropy(o-Xylene,P=P_7,h=h_7) 
s[8]=Entropy(o-Xylene,P=P_8,h=h_8) 
s[9]=Entropy(o-Xylene,P=P_9,h=h_9) 
s[10]=s[1] 
 
$ENDIF 
$ENDIF 
$ENDIF 
$ENDIF 
$ENDIF 
$ENDIF 
 
 
 
"Flue Gas Properties------------------------------------------------------------------------------------------------------------
---------------------------------" 
 
 
T_HS[10]=T_HS[1] 
 
h_In_Air=interpolate('Air', 'T_Air','h_Air',T_Air=T_HS[2])   
Dh_In=interpolate('Air', 'T_Air','Dh',T_Air=T_HS[2])   
h_In_HS=h_In_Air+x*Dh_In 
 
h_Out_Air=interpolate('Air', 'T_Air','h_Air',T_Air=T_HS[8])   
Dh_Out=interpolate('Air', 'T_Air','Dh',T_Air=T_HS[8])   
h_Out_HS=h_Out_Air+x*Dh_Out 
 
T_HS[1]=interpolate('Air', 'T_Air','h_Air',h_Air=h_1_Air)   
Dh_1=interpolate('Air', 'h_Air','Dh',h_Air=h_1_Air)   
h_1_HS=h_1_Air+x*Dh_1 
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T_HS[9]=interpolate('Air', 'T_Air','h_Air',h_Air=h_9_Air)   
Dh_9=interpolate('Air', 'h_Air','Dh',h_Air=h_9_Air)   
h_9_HS=h_9_Air+x*Dh_9 
 
 
"Heat Exchange" 
 
"Total Cycle" 
 
"m_dot_HS*(h_In_HS-h_9_HS)=m_dot_ORC*(h_2-h_9)" 
 
Q_HRVG+W_Pump=W_Turbine+Q_condenser 
 
Q_HRVG=m_dot_HS*(h_In_HS-h_Out_HS) 
 
"HRVG" 
 
"Superheat" 
 
m_dot_HS*(h_In_HS-h_1_HS)=m_dot_ORC*(h_2-h_1) 
 
"Vaporization" 
 
m_dot_HS*(h_1_HS-h_9_HS)=m_dot_ORC*h_evap 
 
"Economizer" 
 
m_dot_HS*(h_9_HS-h_Out_HS)=m_dot_ORC*(h_9-h_8) 
 
 
"ORC Turbine Info" 
 
n_T_is_ORC=0.8 
n_gen_ORC=0.98  
n_mec_ORC=0.98 
 
"Turbine" 
 
n_T_is_ORC=(h_2-h_3)/(h_2-h_3_is) 
W_Turbine=m_dot_ORC*(h_2-h_3) 
 
"Regenerator" 
 
m_dot_ORC*(h_3-h_4)=m_dot_ORC*(h_8-h_7) 
Q_regen_AV=m_dot_ORC*(h_3-h_5) 
Q_Regen=m_dot_ORC*(h_3-h_4) 
Regen%=Q_Regen/Q_regen_AV 
 
"Pump Info" 
 
n_P_is_ORC=0.8 
n_Pump_ORC=0.9  
 
"Pump" 
 
n_P_is_ORC=(h_7_is-h_6)/(h_7-h_6) 
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W_Pump=m_dot_ORC*(h_7-h_6) 
 
"Condenser" 
 
Q_condenser=m_dot_ORC*(h_4-h_6) 
 
"Total Power" 
 
 
W_net=W_Turbine-W_Pump/n_Pump_ORC 
Pow=W_net*n_mec_ORC*n_gen_ORC 
n_elec_ORC=Pow/Q_HRVG 
Pow_ORC=Pow*Convert(KW,MW) 
n_elec_Total=(Pow_ORC+Pow_HS)/Q_Gas_HS 
Pow_Total=Pow_ORC+Pow_HS 
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8.5. APPENDIX: FUEL CONSUMPTION AND GAS CONTENT 

Table 31: Fuel Consumption and Gas Content Calculations for Gas Turbines 18 
 

Manufaturer	Data	 Fuel	Data	 Calculations	

Unit	 Model	
Rated	Power	

Fuel	
LHV*	 f	 Efficiency	 SFC	 mfuel	@	RP	 mair	@	RP	 Beta	 GC	

[KW]	 [J/kg]	 [dim]	 [dim]	 Kg/(KWs)	 (Kg/s)	 (Kg/s)	 [KgFuel/KgAir]	 x	
1	 SGT	100	50	(Hz)	 5.05	 Natural	Gas	 46798000	 17.16	 0.302	 7.072E-08	 0.357	 19.143	 0.019	 0.333	
2	 SGT	200	50	(Hz)	 6.75	 Natural	Gas	 46798000	 17.16	 0.313	 6.821E-08	 0.460	 28.840	 0.016	 0.285	
3	 SGT	300	(50	Hz)	 7.9	 Natural	Gas	 46798000	 17.16	 0.306	 6.988E-08	 0.552	 29.648	 0.019	 0.332	
4	 SGT	400	50	(Hz)	 12.9	 Natural	Gas	 46798000	 17.16	 0.348	 6.146E-08	 0.793	 38.607	 0.021	 0.365	
5	 SGT	500	50	(Hz)	 19.06	 Natural	Gas	 46798000	 17.16	 0.337	 6.345E-08	 1.209	 96.691	 0.013	 0.224	
6	 SGT	600	(50	Hz)	 24.48	 Natural	Gas	 46798000	 17.16	 0.336	 6.363E-08	 1.558	 79.742	 0.020	 0.348	
7	 SGT	700	50	(Hz)	 32.82	 Natural	Gas	 46798000	 17.16	 0.372	 5.743E-08	 1.885	 93.115	 0.020	 0.360	
8	 SGT	750	50	(Hz)	 37.03	 Natural	Gas	 46798000	 17.16	 0.395	 5.413E-08	 2.005	 112.195	 0.018	 0.319	
9	 SGT	800	(50	Hz)	 47.5	 Natural	Gas	 46798000	 17.16	 0.377	 5.673E-08	 2.695	 130.105	 0.021	 0.368	

 

 

 

 

                                                        
 
18 Fuel Data from Manufaturers (Siemens and Wärtsila), RP:Rated Power, GC:Gas Content 
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Table 32: Fuel Consumption and Gas Content Calculations for IC Engines 19 
 

Manufaturer	Data	 Fuel	Data	 Calculations	

Unit	 Model	
Rated	Power	

Fuel	
LHV*	 f	 Efficiency	 SFC	

mfuel	@	
RP	

mair	@	RP	 Beta	 GC	

[KW]	 [J/kg]	 [dim]	 [dim]	 Kg/(KWs)	 (Kg/s)	 (Kg/s)	 [KgFuel/KgAir]	 x	
1	 20V34DF	 8730	 Methane	#80	 50136000	 17.16	 0.4480	 4.4523E-08	 0.3887	 14.1113	 0.0275	 0.4868	
2	 18V50DF	 16621	 Methane	#80	 50136000	 17.16	 0.4727	 4.2196E-08	 0.7013	 26.2987	 0.0267	 0.4717	
3	 20V34DF	 8730	 Diesel	 42700000	 14.52	 0.4430	 5.2869E-08	 0.4615	 17.4385	 0.0265	 0.4002	
4	 18V50DF	 16621	 Diesel	 42700000	 14.52	 0.4398	 5.3246E-08	 0.8850	 32.6150	 0.0271	 0.4100	
5	 20V32GD	 8924	 Diesel	 42700000	 14.52	 0.4592	 5.1002E-08	 0.4551	 17.0449	 0.0267	 0.4036	
6	 18V46GD	 17076	 Diesel	 42700000	 14.52	 0.4677	 5.0078E-08	 0.8551	 31.6449	 0.0270	 0.4084	

 

                                                        
 
19 Fuel Data from Manufaturers (Siemens and Wärtsila), RP:Rated Power, GC:Gas Content 
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8.6. APPENDIX: VALUE TABLES TO BUILD THE COMPARISON MATRIXES 

 
Table 33: Gas Turbine Power Outlet Value Table 

Substance	 PowORC	

[MW]	
ηTotal	
[dim]	

QHRVG	

[MW]	
MM	 6.37	 0.45	 26274.78	
MDM	 6.49	 0.45	 22853.67	
MD4M	 5.09	 0.43	 18895.33	
n-Butane	 5.02	 0.43	 29005.56	
Toluene	 7.59	 0.47	 29627.56	
m-Xylene		 7.30	 0.47	 27723.00	
O-Xylene	 7.04	 0.46	 28192.22	

 
 

Table 34: Gas Turbine Size Matrix Values Table 
 

Substance	
QRegen	

[KW]	
QCond	

[KW]	
PHigh	
[bar]	

Mass	Flow	
[kg/s]	

Density	
[kg/m3]	

Flow	
[m3/s]	

PCond	
[bar]	

MM	 17571.89	 19608.67	 18.89	 88.98	 295.30	 0.30	 0.17	
MDM	 23203.11	 16080.78	 13.65	 81.36	 232.00	 0.35	 0.02	
MD4M	 27757.67	 13592.56	 3.08	 79.12	 88.11	 0.90	 0.00	
n-Butane	 10949.56	 23718.67	 37.46	 70.13	 225.30	 0.31	 4.97	
Toluene	 4004.44	 21697.22	 40.51	 44.41	 275.00	 0.16	 0.12	
m-Xylene		 7558.11	 20112.56	 9.35	 51.61	 234.30	 0.22	 0.04	
O-Xylene	 7120.67	 20854.33	 6.38	 52.55	 297.00	 0.18	 0.03	

 

Table 35: IC Engine Power Outlet Value Table 

Substance	 PowORC	

[MW]	
ηTotal	
[dim]	

QHRVG	

[MW]	
MM	 1.31	 0.50	 5403.67	
MDM	 1.20	 0.50	 4244.33	
MD4M	 0.92	 0.49	 4217.33	
n-Butane	 1.10	 0.49	 6328.50	
Toluene	 1.50	 0.51	 7411.17	
m-Xylene	 1.48	 0.51	 6920.83	
O-Xylene	 1.46	 0.51	 6788.50	
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Table 36: IC Engine Size Value Table 
 

Substance	
QRegen	

[KW]	
QCond	

[KW]	
PHigh	
[bar]	

Mass	Flow	
[kg/s]	

Density	
[kg/m3]	

Flow	
[m3/s]	

PCond	
[bar]	

MM	 3613.83	 4032.67	 18.89	 18.30	 295.30	 0.06	 0.17	
MDM	 4309.17	 2986.33	 13.65	 15.11	 232.00	 0.07	 0.02	
MD4M	 4743.33	 3257.50	 0.77	 19.08	 88.11	 0.22	 0.00	
n-Butane	 2389.00	 5174.67	 37.46	 15.30	 225.30	 0.07	 4.97	
Toluene	 125.21	 5849.67	 11.26	 11.86	 275.00	 0.04	 0.12	
m-Xylene		 157.37	 5377.33	 10.35	 10.20	 234.30	 0.04	 0.04	
O-Xylene	 159.75	 5271.67	 9.98	 9.70	 297.00	 0.03	 0.03	

 


