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Abstract 

This thesis work was carried out at Siemens in Germany in the department of Steam Turbines, and aims 
to raise awareness of the potential for broader deployment of waste heat recovery (WHR) from industrial 
processes for power generation. 

Technologies available to recover heat are presented and sorted out according to the features of the heat 
source. In particular, ORC and water-based cycles are compared in terms of efficiency and other 
advantages and their sensitivity to variable parameters. As far as the efficiency is concerned, the type of 
technology does seem to have less impact than the size of the installation. Organic fluid cycles have 
properties that could encourage their selection, like smaller size of equipment, better efficiency during off-
design operations or no make-up water supply. 

This study also presents different segments where WHR systems are possible. In the short term, cement, 
electric arc furnace and glass industries are the sectors that offer the best opportunities for WHR 
integrated with power generation. In a long-term view, future large systems for power generation tend to 
disappear with the expected optimization of the industrial processes. Instead, there would be 
opportunities to develop waste heat recovery systems for non-continuous flows and low temperature 
streams coming for instance from cooling processes. 

Considering the progress in technologies development in the past years, understanding the economic 
environment is the real challenge to develop a WHR market. Technologies are indeed available but often 
too expensive or not sufficiently well-known by the industrial players. In that context, subsidies from 
national governments or organizations can be a crucial option to push the development forward. 
Nevertheless, the comparative evaluation shows that the rising costs of energy in the future will inevitably 
provide more opportunities for market-ready WHR systems. 
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SAMMANFATTNING 
Detta examensarbete utfördes vid Siemens i Tyskland i avdelningen för ångturbiner. Syftet är att 
öka medvetenheten om möjligheterna för en bredare spridning av återvinning av spillvärme från 
industriella processer för kraftgenerering. 

Teknik för att återvinna värme presenteras och sorteras på grundval av de egenskaperna hos 
värmekällan. Organic Rankine cykel och vattenbaserade cykler jämförs i fråga om effektivitet, 
känslighet för variabla parametrar och andra fördelar. När det gäller effektivitet avser, inte den 
typ av teknik verkar ha mindre påverkan än storleken på anläggningen. Organiska vätskecykler 
har egenskaper som kan främja deras val, liksom mindre storlek av utrustning, bättre effektivitet 
under off-konstruktionsverksamhet eller ingen vätska behandling. 

Denna studie visar också olika segment där värmeåtervinning ur avgaser (WHR system) är möjlig. 
På kort sikt, cementfabriker, ljusbågsugnar och glasindustrin är de sektorer som erbjuder de bästa 
möjligheterna för att WHR integreras med elproduktion. På lång sikt kan stora system för 
kraftgenerering tenderar att försvinna med den förväntade optimeringen av industriella processer. 
Men skulle det finnas möjligheter att utveckla värmeåtervinningssystem för icke-kontinuerliga 
flöden och låga temperaturer strömmar som kommer från kylprocesser, till exempel. 

Med tanke på utvecklingen inom teknik under de senaste åren, att förstå det ekonomiska klimatet 
är den verkliga utmaningen att utveckla en WHR marknad. Technologies är faktiskt tillgängliga, 
men ofta för dyra eller inte är tillräckligt populär av de industriella aktörerna. I detta sammanhang 
kan stöd från nationella regeringar eller organisationer vara en avgörande möjlighet att driva 
utvecklingen framåt. Ändå visar den jämförande utvärderingen att de stigande energikostnaderna 
i framtiden oundvikligen kommer att ge fler möjligheter för WHR system. 
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1 Introduction 

1.1 Introduction 
The global warming due to human activities affects negatively the climate and the planet 
environment. The human activities result indeed in particularly aggressive emissions known as 
greenhouse gases that disturb the balanced equilibrium in the atmosphere by trapping heat and 
making the planet warmer. The primary sources of greenhouse gas emissions are the industry in 
general, including electricity generation and agriculture, transportation and the residential sector.  

Public awareness of climate change has forced governments from all nations to take action to 
protect the planet. The industry sector by consuming one-third of the total energy use in the 
world and emitting 30% of the total greenhouse gas emissions is undeniably in the front line in 
this action (ORC waste heat recovery in European energy intensive industries: Energy and GHG 
savings, 2013). Since 1992, the United Nations Framework Convention on Climate Change has 
thus overseen the leading policies to reduce greenhouse gas emissions all over the world. In 2015, 
197 countries agreed on Paris Agreement’s aim to strengthen the global response to the threat of 
climate change by keeping a global temperature rise below 2°C.  (United Nations, 2014) 

Those policies have affected positively the trends in energy efficiency and emissions reduction in 
the industry sector. In the EU, energy efficiency has for instance improved by 1,4% per year 
since 2000 (ODYSSEE-MURE project, 2015). In that context, we have witnessed in recent years 
a strong demand for new solutions to decrease energy consumption and increase energy saving.  

Despite all the actions taken, the energy efficiency remains low and large amount of energy are 
lost in form of heat during industrial processes. The thermal power plants efficiency is around 
35% meaning that 65% of the energy input is lost. The list of waste heat sources is not 
exhaustive, it can be exhaust gases, hot surfaces or liquid streams. Waste heat to power is a 
process to recover waste heat and using it to generate power with no combustion and no 
emission. Recovering this waste heat is an attractive idea that offers the opportunity of reducing 
the emissions while cutting the energy costs.  
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1.2 Statement of the problem  
The environmental legislations have become increasingly stringent since the Kyoto Protocol has 
entered into force in 2005. For the industrial players, the direct consequence was to look for a 
complete optimization of their processes to comply with the always more stringent requirements. 
They undertook many energy efficiency measures to balance the energy inputs and outputs. 
Moreover, the energy cost for the industry is a substantial issue since it represents up to 45% of 
the total cost in some industries (Low grade thermal energy sources and uses from the process 
industry in the UK, 2012). This proportion leads to a direct correlation between the prices of 
goods and the energy costs for a company. Since the energy prices rose by 200% since 1990, 
energy savings solutions are sought to enable the companies to remain competitive. Recovering 
waste heat of processes to use it appears like a solution to access a completely free-of-charge and 
additional free-of-emissions energy source that ensures the industry to remain competitive.  

However, while a substantial amount of heat is wasted in many industrial plants (Heat recovery 
for electricity generation, 2012), only few projects of waste heat recovery have been developed 
over time. Many factors can explain this fact and impact the development of waste heat recovery: 
first, the technologies development and their financial attractiveness, then the quantity and the 
quality of the heat available and finally the economic factors. Those three areas are identified as 
key factors to address this problem.  

First, even if the percentage of wasted heat in the industry has been recognized by many studies, 
the lack of data concerning the industry processes creates a situation where actual waste heat 
sources are hardly recognizable in the industries. Only a few industries offer thus a favorable 
ground for the development of waste heat recovery at this point. In addition, except the power 
generation option, there are other possibilities to use waste heat. Some examples of end uses 
could be steam generation and process heating for industrial processes, plant or building heating, 
hot water heating or cooling and chilling.  

Then, capturing the heat has become a critical issue and many technologies have appeared on the 
market in recent years to tackle this issue. The process needs determine then the use of the 
recovered heat as a heat source or an energy input to produce power. Depending on the heat 
source and the needs of the industry, many technologies are available or under development. 
Several technologies are today available to transform the waste heat into direct power. Besides 
the conventional technologies like water-steam cycles and conventional heat recovery steam 
generators (so called HRSG), the development of other technologies has pushed the interest of 
the industrial players for waste heat recovery. In 2016, 300 MWel of organic Rankine cycles 
(ORC) units are operational for applications concerning waste heat recovery including 120 MWel 
installed in 2015 (Tartière, 2015). Besides, other technologies as thermoelectric or Kalina cycles 
are also under consideration. The situation is such that the market is now full of new options to 
reuse the waste heat. Those technologies have to be studied in terms of efficiency and possible 
fitting applications to avoid suboptimal solutions.  

Finally, waste heat recovery projects are deeply associated with energy savings perspectives and 
by extension with market and prices evolution. That is the reason why this subject cannot be 
treated with any consideration for the surrounding economic factors. Beyond the technical 
potential, the development opportunities are highly dependent on the cost of the technologies 
and the prices of energy inputs such as electricity and fuel.  
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1.3 Background and need 
This section relates to the literature that deals with projects of waste heat recovery.  

Concerning the technology selection for power generation, a few projects eventually compare the 
power generation technologies for a same source. Waste Heat to Power Market Assessment paper 
appears to be the most complete paper dealing with the concept of waste heat recovery. It gives 
an overview of different technologies available: Steam Rankine Cycle, Organic Rankine Cycle, 
Kalina Cycle, Supercritical CO2 Cycle, but also emerging technologies such as thermoelectric 
generation, piezoelectric, thermionic generation or Stirling engine. Detailing the working 
principles of each technology, the paper also provides the current trends in U.S concerning the 
tax credits and incentives. In the second part of the study, the technical potential of the WHR 
market in the US is estimated regarding the Carnot efficiency, without any indication concerning 
the technology assumed. 

Some comparisons of the power generation systems can be found in the some specific case 
studies. The paper written by Amin Mohammadi Exergy analysis and optimization of waste heat recovery 
systems for cement plants analyzes several options for power generation in the cement industry. A 
dual pressure Rankine cycle, a simple dual pressure ORC and a regenerative cycle are compared 
for a high-temperature section, whereas a trans-critical carbon dioxide cycle and an ORC are 
discussed for a low temperature section. This study limits its research to a single case with 
defined gases parameters.  

How do they identify the sources in the literature? 

As far as the waste heat sources are concerned, the Waste Heat Recovery: Technology and Opportunities 
study published by U.S department of Energy ´provides a temperature classification of the heat 
sources and their related recovery opportunities. The document released by the HREII project, 
(Heat recovery for electricity generation, 2012), also goes through the potential in steel, cement 
and glass industries from the point of view of the Italian market.  

Finally, concerning the economic factors, the economic potential for projects of WHR are rarely 
emphasized. In recent years, a few projects involving waste heat recovery have been however 
implemented compared to the potential market. The paper Waste Heat to Power Market Assessment 
estimates the potential economic market to reach only 33% of the technical potential in the US. 

The article Cost Engineering Techniques and Their Applicability for Cost Estimation of Organic 
Rankine Cycle Systems emphasizes that the accuracies for the prices estimations with the current 
cost techniques “may diverge up to +30%”. This study shows that there is still room for 
improvements concerning the costs estimations for “small” power plants and that they should 
not be considered as fixed.  

1.4 Purpose of the study 
The purpose of this study is to identify the waste heat opportunities in order to improve energy 
efficiency of the plants for the industrial players. The consequence for not addressing this 
problem would be to lose a substantial amount of heat that could represent a source of revenues 
for the companies. To understand the opportunities and the obstacles of the development of 
waste heat recovery, the researcher’s strategy is to collect data from the scientific literature, 
market evaluations and the industrial players. 
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This paper discusses the potential technologies to recover unused thermal energy and how it can 
be used, in collaboration with another student. The work has been divided considering the 
potential use of heat: the heat transferred directly to another process and the heat used as waste 
heat to power. This thesis especially focuses on power generation from this thermal energy. A 
second thesis written by the second student deals with the subject of heat handling and is 
complementary to this paper.  

The first aim of this paper is to identify the industries that represent an opportunity for the 
concept of waste heat recovery in the world. This question is treated in the section Results-
Segments. The second part of this thesis - the section Results-Technology- is dedicated to an overview 
of the technologies to recover waste heat for power generation purposes only. Finally, the third 
part Results-Economic Environment is an identification of the barriers and drivers for the 
development of the projects in terms of economics. 

1.4.1 Research questions 

To conclude this part, this degree project deals with the following research questions:  

 What are the criteria of selection for a power generation technology? What is the optimal 
technology for waste heat recovery in terms of power generation depending on the 
source? 

 Which segment offers the best potential technical capacity at this point?   
 Which economic factors influence the development of waste heat recovery? 

1.4.2 Scope of research and limitations 

The opportunities for waste heat recovery in the industries are a broad subject and the company 
Siemens AG supporting this project decided at the beginning to divide this subject between two 
students. That is the reason why the following thesis is restricting to the power generation cases 
and technologies. Another project, dealing with heat handling equipment, is available under the 
name: .  

In addition, has been defined as “waste heat” any by-product of industrial process from which 
heat can be recovered. From that definition, this project excludes any application regarding 
geothermal, combined cycle projects and gas turbines exhausts. However, if we want to evaluate 
the whole market for a single technology, all segments where the technology is applicable should 
be considered, including GT exhaust for ORC.  

 

  



5 
 

2 Literature review 

2.1 Introduction 
The literature review will address three areas of research related to the perspectives of waste heat 
recovery. The first part is thus a review of existing technologies for power generation and how 
they are selected in the scientific literature. The second section will focus on research studies that 
propose industries for the WHR projects are developed. Finally, the third section will discuss the 
articles dealing with the actual economic potential of waste heat recovery. 

2.2 Sources of waste heat 

2.2.1 Waste Heat Definition 

The “waste heat” is any by-product of industrial process from which heat can be recovered. 
Several possible classifications are possible to analyze the characteristics of the heat sources. A 
first approach is a classification by physical state. Concerning the nature of the heat, four 
categories can be distinguished: 

- Liquid streams  
- Flue gases 
- Process gases and vapors 
- Steam 

Table 1 Classification of Heat Sources in the industry 

Heat source Temperature range 

Liquid streams 50°C – 300°C 

Flue gases 150°C – 1650°C 

Steam 100°C – 250°C 

Process gases and vapors 80°C -500°C 

 

The paper Waste Heat Recovery: Technology and Opportunities, from the U.S department of Energy, also 
gives a relevant classification for the heat sources in different industries according to their 
temperature:  

Table 2 Examples of Waste Heat Sources (BCS, Incorporated , 2008) 

Waste Heat Source Temp (°C) 

Nickel refining furnace 1370 – 1650 

Steel electric furnace 1370 – 1650 

Basic oxygen furnace 1200 

Aluminium reverberatory furnace 1100-1200 

Copper refining furnace 760 – 820 
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Steel heating furnace 930 – 1040 

Copper reverberatory furnace 900 – 1090 

Hydrogen plants 650 – 980 

Fume incinerators 650 – 1430 

Glass melting furnace 1300 – 1540 

Coke oven 650 – 1000 

Iron cupola 820 – 980 

Steam boiler exhaust 230-480 

Gas turbine exhaust 370 – 540 

Reciprocating engine exhaust 320 – 590 

Heat treating furnace 430 – 650 

Drying & baking ovens 230 – 590 

Cement kilns 70 – 230 

Exhaust gases exiting recovery devices in gas-fired boilers 50 – 90 

Process steam condensate 30 – 90 

Cooling water 30 – 120 

Drying, baking, and curing ovens 90 – 230 

Hot processed liquids 30 -230 

 

The literature usually uses the temperature as a main parameter to classify the heat source. The 
following classification will be used in this work:  

Table 3 Classification of temperature (BCS, Incorporated , 2008) 

Class °C 

High-temperature Above 650°C 

Medium-temperature 230 – 650°C 

Low-temperature Below 230°C 

 

2.2.2 Waste Heat Estimation 

The first part of that thesis is to estimate the industrial waste heat potential according to areas 
and industrial sectors. This subject has already been developed in the paper Methods to estimate the 
industrial waste heat potential of regions. There can be several approaches to estimate the waste heat 
produced by the industry in different regions in Germany, but the lack of information and 
database on the subject does not make it easy.  First, it is very important to distinguish the 
physical potential of heat we can recover, the technical potential and finally the economic 
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potential. The physical potential determines the heat recovered when the waste heat is cooled 
down to the ambient temperature according to its physical characteristics. The flow rate and the 
temperature of the flue gas are the key factors that determine the potential size of a project. The 
technical potential is the potential heat recovered taking into account the technical limits of the 
process. Those limits can be, inter alia, a limited temperature below which a gas cannot be cooled 
down because of acidification problems or a technological impossibility to recover the heat below 
a certain point. Finally, the economic potential takes into account the financial parameters linked 
with the implementation of waste heat recovery technologies. Those parameters include payback 
period, electricity-and fuel prices, potential subsidies and so on. Mrs Brueckner emphasizes that 
“financial and regulatory constraints are very common obstacles for new technologies” and 
financial considerations are indeed often the biggest barriers to waste heat recovery (Industrial 
waste heat potential in Germany—a bottom-up, Springer Science+Business Media).  

The method developed in the paper ORC waste heat recovery in European energy intensive industries has 
shown good results in calculating the ORC potential development in Europe. This method can 
be extended to waste heat estimations in general, before the selection of a technology to generate 
power. For each industry, an influent parameter has been chosen (tons of cement produced per 
day for example). Then the chosen parameter has been identified for every factory in Europe. 
From estimations based on experience and energy audits, the potential electricity generation for 
each factory has been calculated. The results have then been summed up by country and industry.  

In the paper Waste Heat to Power Market Assessment, published in March 2015, the technical 
potential is estimated according to the data coming from two reports from ORNL and DOE 
giving the energy content by temperature range. The study uses then a reference temperature and 
an estimated WHP efficiency to calculate the technical potential (MW). This paper considers a 
reference temperature of 49°C (120°F). The physical potential reported is 15 GW in the US for 
all industries, assuming that the practical systems operate at 1/3 of the Carnot efficiency. The 
petroleum and coal industry, the chemical industry and the primary metal manufacturing are the 
biggest contributors to this number with respectively 6,7 GW, 1,8 GW and 1,7 GW. This study 
however does not take into consideration any problems to capture the heat or to cool the sources 
down below any dew point. The authors of this study selected a reference temperature of 50°C 
(120°F), as an average between the ambient temperature (15,5°C-60°F) and the minimum 
temperature at which an ORC machine can recover heat (82°C-180°F). But in many cases in the 
industry, the pollution of the exhaust gases prevents the gases to be cooled down below their dew 
point. This dew point is estimated between 180°C and 120°C, depending on the content of the 
flue gases. Taking into account this problem, the reference temperature should be around 150°C-
300°F. 

2.3 The power generation technologies 
Once the waste available is set, a technology must be chosen to generate electricity. In recent 
years, many different ways have been developed to generate power from waste heat. The aim of 
this section consists in giving an overview of those technologies first. Presenting the current 
trends of economic development will be discussed in the next section.  

Water-based cycles are the best-known technology for WHR but the developments of ORC, 
Kalina and CO2 technologies have changed significantly the scope of WHR and given to the 
subject a better visibility in the world. 
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2.3.1 Rankine Turbine Cycle  

The Rankine cycle developed by William Rankine in the 18th century is nowadays the corner 
stone of the energy system. Coal-fired, nuclear, and biomass power plants are all based on this 
same cycle to produce electricity. The Rankine Turbine Cycle is a simple idealized four-step 
process to transform thermal energy into mechanical energy. A fluid transfers the energy. Adding 
a generator to the cycle enables the final transformation of the thermal energy into electricity.  

The cycle is used historically on a water-based but recent years have seen the development of 
ORC, CO2 and Kalina cycles, also based on the Rankine cycle but using different fluids, to 
produce electricity.  

2.3.1.1 Thermodynamics principle 

The power cycles are divided into three categories according to the operating pressure: the 
subcritical cycles, operating below the critical pressure, the trans-critical cycles and the 
supercritical cycles (Ian K. Smith, 2014). 

The subcritical cycle is the basic Rankine cycle. The thermodynamic principle of the Rankine 
cycle is to transfer the energy from a heat source by evaporation of a fluid and to recover that 
energy with an expander. A condenser, placed at the exit of the expander and a pump, placed 
before the boiler close the cycle. The efficiency of the cycle is defined by the ratio between the 
useful work extracted by the turbine (step 2-3’) and the heat from the boiler (step 1-2) plus the 
pump work (step 1-4). The figure 1 represents the cycle and its different steps. Most of the cases 
in literature neglect the pump work. The fluid is indeed liquid at this stage, so the power input 
from the pump is low. However, in practical cases, auxiliary power usually accounts for around 
7% of the power generated. The heat coming from the boiler is used to evaporate the fluid. The 
lower is the heat of vaporization of the fluid, the higher mass flow is vaporized, the more energy 
can be extracted by the turbine. Conversely, the cooling system condenses steam into water in 
order to reuse the fluid. In that case, the higher the latent heat of vaporization is, the lower the 
mass rate is. The thermodynamic Rankine cycle is thus highly dependent on the fluid 
characteristics, including latent heat, density and heat of vaporization. 

 

Figure 1 The 4-step Rankine cycle (Doe Fundamentals handbook, 1992) 

The detailed steps of the Rankine cycle are detailed in the table 3. 
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Table 4 Rankine Cycle steps 

Step Description 

1  2 Evaporation 
 

The liquid is heated up inside the boiler at constant high pressure. It 
becomes steam. In some cases, the fluid can be superheated, the steam is 
heated above its saturation state.  

 

2  3’ Expansion The working fluid goes through the turbine and expands. One part of 
thermal energy becomes mechanical energy. Temperature and pressure of 
the steam decrease. 

 

3’  4 
Condensation 

The steam enters a condenser at low pressure where it becomes liquid 
again 

4  1 
Compression 

Transition step from low to high pressure. The liquid fluid is pumped by a 
“feedwater pump”  

 

The other two main configurations for a Rankine cycle are supercritical and trans-critical cycle. 
During a supercritical cycle, the fluid goes in the supercritical region, that is to say above its 
critical point. During a trans-critical cycle, the fluid goes through both subcritical and supercritical 
states.  

2.3.1.2 Physical principle 

Regarding the working principles, a system for waste heat recovery is nothing more than small 
power plant. The evaluation of the equipment necessary for WHR has then been realized in 
comparison with a coal-fired power plant. Literature is wider on this subject and much data can 
be found considering the equipment characteristics and costs.  

The 4-steps of the Rankine cycle imply 
4 main components, related to the 
four steps in the process.  

- A main feed water pump to 
increase the pressure of the 
fluid 
 

- A boiler or HRSG to transfer 
the heat coming from the 
process 
 

- An expander (turbine or screw 
expander) to recover the 
energy of the fluid 
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- A condenser to condense the 
fluid and close the cycle. On this 
point, the market offers three types of condenser (air-cooled or water-cooled or one-
through system). 

 
 

A one-through condensing system uses the water coming from a natural source to cool down the 
cycle. The water is then rejected to its source hotter. It is the simplest and cheapest solution.  

Concerning the dry cooling, the steam coming from the turbine is cooled by forcing ambient air 
across a heat exchanger filled with the condensing steam. The losses of water to evaporation or 
blowdown both water withdrawal and consumption are minimal. There is however a downside to 
the use of a dry cooling, the air being not as efficient for heat transfer as is water, the increased 
electrical cost makes dry cooling systems less economical (NETL). This solution is thus reserved 
for small applications or for regions where water supply is an issue. 

The water-cooled option can be an open circuit, that is to say a once-through system, where 
water goes to the system and returns to the source. This solution is low cost and simple. A 
second solution is to implement a cooling tower. In that case, water runs within a closed loop, 
needs a special treatment and to be refilled.  

2.3.1.2.1 Possible Configurations 

The Japan industries were the first to drop into the market of Waste Heat recovery in the 1980s. 
Kawasaki was the first supplier of turbines for this market. All Japanese cement sites are today 
equipped with a WHR system. Several configurations of water-steam cycle have been developed 
to meet the expectations of the different industries.  

The first configuration proposed is the single flash configuration. Here below is a schematic of 
the cycle with its main components.  

 

Figure 3 Single Flash Configuration for water-based cycle (Exergy analyses and 
parametric optimizations for different cogeneration power plants in cement industry, 

2009) 

Figure 2 Four main components of the Rankine cycle 
(Elson, et al., 2015) 
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The single flash configuration is based on a separation at saturated state between water and 
vapor. This configuration follows a basic Rankine cycle configuration, with the addition of a 
flasher. Inside that flasher, the fluid from the drums is separated into saturated water and 
saturated steam. This steam is then driven to the turbine to generate power, in addition to the 
steam coming from the superheating process. The amount of stream coming from the flash 
process and returning to the turbine depends on the pressure inside the flasher. A low pressure 
leads to high amount of steam, but it generates also less power. The saturated water goes back to 
feed water pump. Here above is the example of that configuration in a cement industry (Exergy 
analyses and parametric optimizations for different cogeneration power plants in cement 
industry, 2009).  

The dual-pressure configuration is a possible configuration as well. This cycle includes two flows 
of steam entering the turbine inlet. This configuration makes the best of middle and low 
temperature heats (Exergy analyses and parametric optimizations for different cogeneration 
power plants in cement industry, 2009). This configuration is particularly useful when there are 
two sources of heat at different temperatures. Here below is an example of this configuration for 
a cement plant.  

 

Figure 4 A dual-pressure steam cycle in cement plant (Exergy analyses and parametric 
optimizations for different cogeneration power plants in cement industry, 2009) 

The figures 3 and 4 are schematics that picture only the main parts of a cycle. In practice, other 
components compose a coal-fired power plant and thus a waste heat recovery system:  

- Piping 
- Blowdown system 
- Make up system 
- Generator  
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- Exhaust system 
- Electrical/Control/Instrumentation Package 
- Lube Oil Package, auxiliary & emergency pump 
- Feedwater Heater 
- Feed Pump Turbine Water-cooled Condenser 
- Distributed Control System 
- Transmission Voltage Equipment - transformers, circuit breakers, other equipment 
- Generating Voltage Equipment -generator buswork, circuit breakers, other equipment 

Flue Gas Desulfurization and Particulate and Mercury Control, Nitrogen Oxide Control (SCR), 
stack and continuous emissions monitoring system are other elements which are used in a coal-
fired power plant but are meant to be already installed for waste heat recovery systems. 

2.3.1.3 Alternatives 

2.3.1.3.1 ORC Turbine Cycle 

Among other promising technologies, the ORC is one of the most suitable for the conversion of 
low-grade temperature heat. The first reason for developing ORC modules was the temperatures 
limits of the water cycle for geothermal applications 40 years ago. Since then, ORC has been 
developed for bottoming cycles and heat recovery.  Many papers have been published since to 
study the ORC optimal operation condition (Waste heat recovery for power generation using 
organic rankine cycle in a pulp and paper mill, 2014).  

The ORC fluid transfers the heat recovered from the process from an intermediate loop. This 
loop ensures safety and reliability of the system. Depending on the composition and the 
temperature of the unused heat, it can be harvested by a thermal oil loop or a water loop.  

In contrast with water cycles, ORC offer a better flexibility in design and there are many possible 
cycle configurations: 

- Basic saturated cycle 
- Wet Rankine cycle 
- Superheating cycle 
- Regenerative cycle 
- Reheating cycle 
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Figure 5 ORC Regenerative configuration 

Those cycles and their advantages are detailed in the section Results-Technology.  

The study (Bottoming cycles for electric energy generation: Parametric investigation of available 
and innovative solutions for the exploitation of low and medium temperature heat sources, 2011) 
compares three technologies to recover low-temperature heat sources - the micro Rankine cycle, 
the Stirling engine and the TEG reports. It reports that the ORC technology is the most efficient 
option for WHR with temperatures below 400°C. This study however does not compare directly 
the performance of a ORC with a classic Rankine cycle based on water.  

Beyond the efficiency, ORC manufacturers report the many advantages, comparing to the classic 
Rankine cycle using water:  

- In theory, the technology is applicable to any external thermal source 
- The pressure and temperature inside the cycle are moderate. The pressure rarelly exceeds 

30 bars and the temperature of evaporation is usually between 150°C and 310 °C.   
- The turbine efficiency is higher operating in the cycle at lower speed 
- No gearbox is needed which implies higher reliability of the system 
- No corrosion occurs in the heat exchangers 
- There is no blade erosion in the turbine since expansion process is dry for the majority of 

the ORC fluids.  
- There is no need for a fluid treatment system. If an air-cooled condenser is used, the unit 

can operate water-free. 
- There is no need for an operator attendance.  
- The operating and investment costs are reported to be low. 
- The cycle can operate at partial load condition up to 10%  
- For some fluids, the freezing point is low preventing any freezing issues when operating 

at low-temperature. The melting point for pentane is for instance -129,8°C. 

In addition, some parameters such as fluid pressure and density levels can be selected 
independently of the cycle temperature (Organic Rankine Cycle Power Systems: From the 
Concept to Current Technology, Applications, and an Outlook to the Future, 2015). This gives 
an additional degree of freedom for the design of the cycle.  

However, ORC technology presents some disavantages compared to water cycles :    

- There are some cost issues regarding the heat transfert equipment which might arise. The 
boiler cost, the regenerator cost or the preheater cost could make the price of all the 
equipment go up.  

- Most of the organic fluids have a peak cycle temperature threshold below 350 °C. The 
organic fluids have indeed low auto-ignition temperature that prevents the use at high-
temperature. 
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Table 5 Auto-Ignition temperature of ORC fluids 

Fluid Temperature (°C) 

n-pentane 260°C 

n-butane 405°C 

Cyclohexane 245°C 

Isopentane 420°C 

 

- There are some safety concerns regarding some ORC fluids which can be very polluting 
in case of leaks or failures of the system. 

- Size issue 
 

2.3.1.3.2 KALINA Cycle 

Kalina cycle is a binair cycle running with a water and ammonia  mixture. There are some 
fluids possibilities to mix fluid ratio or to use zeotropic or non-zeotropic. A binary working fluid 
has variable boiling temperatures during the boiling process (Exergy analyses and parametric 
optimizations for different cogeneration power plants in cement industry, 2009). This advantage 
results in a better thermal matching between the working fluid and the heat source. Kalina cycle 
offers a better flexibility than water and organic Rankine cycles. The ammonia content and high-
pressure level are extra design variables that can be adapted regarding market situation. In the 
master thesis written by Geir Porolfsson, a maximum power design and a minimum cost per 
installed kilowatt design are both investigated. Two different designs will lead to different design 
pressure- ammonia content points.  In the article Factors influencing the economics of the Kalina power 
cycle and situations of superior performance, Pr. Valdimarsson and Larus Eliasson compare ORC and 
Kalina options for source inlet temperature between 100°C and 150°C. This article reports a 
better theoretical efficiency and a better cost/production ratio but also some concerns regarding 
operational management and security (Factors influencing the economics of the Kalina power 
cycle and situations of superior performance, 2003). On that last point, the article from (Global 
Cement, 2012) underlines from the experience of Kalina power plants installed in a cement plant 
that water chemistry should be controlled regularly, the risk of corrosion can be avoided by the 
removal of CO2 from the water supply and the nitriding of steel surfaces may occur at 
temperatures above about 450°C. However, the article indicates that those issues haven’t 
impaired the performance of the operating systems.  

The Kalina cycle can become a strong competitor to ORC but it faces difficulties due to inherent 
higher complexity (Exergy analyses and parametric optimizations for different cogeneration 
power plants in cement industry, 2009). The cycle requires indeed more components than the 
other configurations previously described. From a business point of view, the suppliers and 
experience for the Kalina cycle are limited (International Finance Corporation, Institute for 
Industrial Productivity, 2014).  
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Figure 6 Kalina cycle configuration (Exergy analyses and parametric optimizations for 
different cogeneration power plants in cement industry, 2009) 

2.3.1.3.3 CO2 cycle 

Both Rankine cycle and Brayton cycle admit CO2 as a working fluid. Thanks to the low critical 
temperature and medium critical pressure, CO2 cycles offer two types of configurations: trans-
critical cycle and supercritical cycle.  

The paper Supercritical Power Cycle Developments and Commercialization: Why sCO2 can displace steam, 
presents trades study comparison between CO2 and steam-based heat recovery systems. The 
study is based on a gas-turbine exhaust case with an exhaust temperature between 450°C and 
600°C. The CO2 unit is a 6 to 8 MW thermal. The paper reveals that a CO2-based heat engine 
performance is comparable to a double-pressure HRSG system. But the installation footprint 
compared to a HRSG for GT would be smaller and the installed cost per kilowatt could be up to 
40% (Supercritical CO2 Power Cycle Developments and Commercialization: Why sCO2, 2012).  
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Figure 7 Schematic of carbon dioxide power system (The Co2 Transcritical Power Cycle 
For Low Grade Heat Recovery-Discussion On Temperature Profiles In System Heat 

Exchangers, 2012) 

That technology is still under development and research works are on-going to evaluate the 
commercial power system and its development (Review of supercritical CO2 power cycle 
technology and current status of research and development, 2015). 

2.3.1.3.4 Screw Expander  

The literature shows also interest in other displacement machines than steam or ORC turbines.  
One successful example is the twin screw. This technology can be used for either compression or 
expansion. (Ian K. Smith, 2014) presents the screw expander in perspective with other expander 
technologies. Besides the mathematical and thermodynamic modeling of the machine, the book 
compares several kinds of systems for heat recovery and emphasizes the improvements that can 
be achieved with screw expanders. 

Unlike classical displacement machines, the volumetric changes operate in three dimensions. It is 
composed of a pair of rotors, rotating side-by-side in a single casing. Screw expanders operated 
usually as compressor, but considering them advantageous, manufacturers have decided to 
manufacture them as expanders as well.  

The book distinguishes two types of applications for screw expander.  

First, this technology is presented as a solution to recover heat coming steam from the steam 
distribution system. Many industries are indeed using steam for processes. The high pressure 
steam is generally generated from a boiler and then transported throughout the site. At some 
points, the pressure has to be reduced locally. The screw expander technology is in that case in 
parallel to a pressure reduction valve and enables power generation while reducing the pressure 
of the steam. In comparison to a steam turbine, the screw expander is not responsive to water 
droplets when the steam is bled off in the expander. In that case, there is no loss in efficiency or 
reduction in service life when wet steam enters the expander. In addition, screw expanders tend 
to be cheaper than turbines for the  same power output while having similar adiabatic 
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efficiencies. However, those machines tend also to be larger for a given power output and 
manufacturing issues limit the rotor diameter to 800-900 mm maximum.  The maximum power 
output corresponding is about 5 MWel. Besides, other considerations such as leakages and 
efficiency lead to a preferred operating range of power outputs between 50 kWel to 1 MWel. 

 

Figure 8 General layout of expander-generator within a larger system 

Considering its advantages, the screw expander technology has been proposed as WHR system 
for exhaust gases as well. For low-temperature range sources, a screw expander can replace a 
steam turbine in a Rankine cycle. That configuration is detailed in the section Results-Technology.  

2.3.1.3.5 Micro-Rankine cycle 

2.3.1.3.6 Combined cycles 

2.3.2 Other technology than Rankine cycle 

2.3.2.1 Reciprocating engine 

 Stirling engine 

The Stirling engine is an old technology that is reemerging. The operating range of such machines 
is between 700°C and 1100°C size between 1 kWe and several tens of kWe. The main application 
is at this point solar thermal system for distributed residential heating and power. The paper 
Development and test of a Stirling engine driven by waste gases for the micro-CHP system also presents a 
configuration where a Stirling engine is driven by mid-high temperature waste gases can produce 
a valuable output power of several kWe ( Development and test of a Stirling engine driven by 
waste gases for the micro-CHP system, 2011). Such engine is presented in the figure 6.  
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Figure 9 The Structure of the designed Stirling engine driven by waste gases 

 Micro-Rankine cycle 

The study (Bottoming cycles for electric energy generation: Parametric investigation of available 
and innovative solutions for the exploitation of low and medium temperature heat sources, 2011) 
mentions the micro-Rankine as a technology under development for domestic applications. They 
are based on the Rankine cycle and can be water-based or ORC-based. Equipped with a 
reciprocating engine, they are reported to be more efficient than screw and scroll expander for 
small scale applications under 20 kW (COGEN, 2016). 

 

Figure 10 Micro-Rankine Cycle - ORC-based- developed by COGEN (COGEN, 
2016) 
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2.3.2.2 Thermoelectric 

Currently under development, the thermoelectric generator converts the temperature difference 
to electric voltage. The principle of the technology is similar to thermocouple and photovoltaics.  

A thermoelectric generator (TEG) uses the Seebeck effect to generate electricity: a temperature 
difference in a conductor or semiconductor leads to a voltage difference. By heating up at one 
end a metal and cooling at the other end, the electrons in the material start to move from the hot 
end towards the cooler end. The performance of a device depends on the Seebeck coefficient of 
the material. A thermocouple associates two semiconductors with different Seebeck coefficient to 
create a voltage output.  

According to the couple of conductors used, the material has an optimal temperature at which 
the efficiency is at its maximum (Electricity generation from low-temperature industrial excess 
heat—an opportunity for the steel industry, 2014).  

Several conductors have been selected as material for the TEG. A good thermal material must 
have three properties: high Seebeck coefficient, low electric resistivity, low thermal conductivity. 
The market of thermoelectric generators can be segmented in three groups based on the material: 
low-temperature applications using bismuth telluride, (T <250°C), medium-temperature 
applications using lead telluride (up to 600°C) and high temperature using silicon germanium 
alloys (Integrated thermoelectric and organic Rankine cycles for micro-CHP system, 2012). The 
thermoelectric generators can be used as a full technology or in association with ORC technology 
to improve the performance of an ORC module. Using the thermoelectric power cycle as a 
topping cycle could improve the efficiency of the overall system by 22% (Integrated 
thermoelectric and organic Rankine cycles for micro-CHP system, 2012). 

The thermoelectric technology can represent an opportunity for WHR systems but for the 
moment, they have been a major focus for automobile applications. They enable better vehicle 
fuel efficiency (from 1% up to 8%) and support increased vehicle electrification (Benefits of 
Thermoelectric Technology for the Automobile, 2011).  
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Figure 11 System model of four TEGs transforming heat from an exhaust gas stream into 

electrical power (Model-based design and validation of waste heat recovery systems, 
2012) 

2.3.2.3 Piezoelectric Generator 

Piezoelectric generators (PZT) convert mechanical energy in the form of ambient vibrations to 
electric power. The gas expansion creates hence a voltage output in the piezoelectric membrane. 
However, the technology presents several technical challenges (Elson, et al., 2015) : 

- The PZT has low efficiency (see figure 25) 
- The internal impedance is high 
- The oscillatory fluid dynamics within the chamber is complex 
- There is a need for long term reliability and durability 
- The high costs are reported to be high 

2.3.2.4 PCM engine 

In her paper (Electricity generation from low-temperature industrial excess heat—an opportunity 
for the steel industry, 2014), Maria Johansson presents the phase change material (PCM) engine 
as a potential technology to recover low temperature heat. A PCM is a material chosen due to its 
phase change properties. The key principle of this engine is an energy cell in the system, where a 
mixture, usually a paraffin mixture, absorbs heat. This mixture changes phase from solid to liquid, 
which causes a volume expansion. A heat sink cools the mixture down and the material changes 
back to solid state where its volume is reduced. A hydraulic system captures this change of 
volume and a generator converts the mechanical energy into electricity. To the author’s 
knowledge in 2014, no other publication presents the PCM engine as a power generation 
technology.  
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Figure 12 Schematic system of a PCM engine  (Electricity generation from low-
temperature industrial excess heat—an opportunity for the steel industry, 2014) 
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2.4 Economic Potential 
That section introduces the sources in the literature dealing with the economic potential of WHR 
systems.  

Projects of waste heat recovery have been developed over time. The ADEME report Waste Heat 
Recovery for Power Generation reports more than a thousand WHRPG systems in the world, 
including 900 projects installed in China (Eisenhauer, et al., 2012). 

Table 6 Number of WHR projects in the world and in Europe (Eisenhauer, et al., 2012) 

Country  # projects 
installed 

China >900 

India >68 

Japan 40 

USA 34 

Europe 26 

South Korea 21 

Canada 6 

Australia 3 

Turkey >4 

Brazil  >2 

South Africa >3 

Morocco 1 

 

The technical potential for waste heat recovery has been underlined by several cases and many 
market evaluations. However, the economic potential for WHR projects coming from this 
technical potential is often left aside. The Waste Heat to Power Market Assessment paper assesses the 
economic potential for waste heat sources above 230°C. The first part of the study estimated the 
technical waste heat potential. For each site, a payback is then calculated and the study uses this 
value as an indicator of the likelihood that this site will implement WHR. Then, using a national 
survey that assessed the percentage of customers that would accept a project at a given payback, 
the quantity of WHR projects that will enter the market is estimated. As a result, the expected 
market for WHR is around 3 GW. The petroleum refining industry (41%), the iron and steel 
industry (30%) and the non-metallic minerals sector (13%) represents the three main 
opportunities regarding the economic potential.  

In the article Cost Engineering Techniques and Their Applicability for Cost Estimation of Organic Rankine 
Cycle Systems, Sanne Lemmens summarizes the specific investment costs related to the power, 
according to the heat source. This study compares the costs of ORC used in geothermal, 
biomass, solar or WHR applications.  

 

Country 

# 
ORC 
unit  

# 
Water 
Unit  

France 1 1 

Switzerland 2 2 

UK  1 

German 3 9 

Norway 1 3 

Sweden 2 2 

Finland 0 1 

Austria 3 3 

Italia 3 3 
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Figure 13 Estimated costs of ORC projects (P) and Modules (M) in literature, in 2014 
Euros (Organic Rankine Cycle Power Systems: From the Concept to Current 

Technology, Applications, and an Outlook to the Future, 2015) 

Finally, concerning the economic factors, the economic potential for projects of WHR is rarely 
emphasized. In recent years, a few projects involving waste heat recovery have been however 
installed compared to the potential market. The paper Waste Heat to Power Market Assessment 
estimates the economic potential market to reach only 33% of the technical potential in the US. 
Many heat sources being at medium or low temperature, the projects to recover those sources do 
not meet the expectations of the industry. 

2.5 Conclusion 
This second part of the degree project gives an overview of the way that the literature deals with 
the WHR systems. The different technologies are detailed and in some cases compared according 
to specific applications. Around 1000 WHR projects have already been installed in the world but 
there are still a lot of industries presented as promising in terms of waste heat recovery where 
nothing has been implemented.  In many papers, the uncertainties concerning the costs seem to 
represent the major barrier to the development of WHR projects. 
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3 Method 

3.1 Introduction 
This section presents the method used to carry on this master thesis. 

As discussed previously, many literature articles and market evaluations deal with waste heat 
recovery. Resulting from this data collection and analysis and some additional calculations, this 
degree project aims to answer the research questions: what is the best technology for power 
generation, what are the industries with significant potential, what are the economic factors 
influencing those choices. 

The Waste Heat Recovery: Technology and Opportunities study published by U.S department of Energy 
was the starting point of this work.  From the study of this document, several axis of research 
were decided: a better understanding of the differences between ORC and water cycles, the 
alignment between the technology available and the industrial conditions in order to propose 
optimal solution, a deeper understanding of the industrial processes to evaluate the market at an 
international scale.  

3.2 Setting 
This study took place in the industry, representing 30 % of the total greenhouse gases emissions 
in the world. It was supervised at Siemens AG Görlitz. The boundaries of this study have been 
defined considering the examples found in the literature and by industry’s experience. 
Nevertheless, it should be noted that transportation systems, like automobiles and the residential 
sector also offer opportunities for WHR systems.  

3.3 Participants 
The selection of the industries considered for that study is based on other studies. Among them, 
the cement industry is identified as the most advanced industry in terms of WHR projects. The 
paper (Eisenhauer, et al., 2012)  reports that 7 GW of WHR projects have been implemented in 
the world in 2015. The cement industry offers good perspectives due to large quantities of waste 
heat coming from different sources. Secondly, the glass industry – divided between the flat glass, 
container glass and others – presents some study cases as well. The results concerning the steel 
and iron industry are divided between the opportunities concerning the Electric Arc Furnaces 
(EAF) and the other sources as blast furnace (BF) and the basic oxygen furnace (BOF). The non-
ferrous industry, representing in this study by the aluminum industry, is completing this study. 
Finally, other industries – pulp and paper, GT exhaust – have waste heat and can be explored as 
opportunities for projects. The reasons to exclude them from this study can be found in the 
section Results – Limitations. 

3.4 Data collection 
The first instrument to conduct this study was the scientific papers –journals, books and online 
articles- produced on the subject in their majority since 2010. A detailed list of those papers is 
provided under the section References.  

Secondly, practical study cases coming from the literature and Steam Pro were analyzed. Steam 
Pro is a software used for the water cycle design for conventional power plants. It simulates the 
process of running a conventional power plant in order to find the optimal parameters. The 
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software also provides good indication concerning the costs of equipment. The size, the systems’ 
parameters and costs of the system when available were used.  

The idea here is to use this software to have a first approach concerning the cost structure of a 
small power plant. As explained in section Results-Economic Potential, the price of power plant is 
mainly related to the size of power plants. 

The companies’ resources from Siemens and other manufacturers were also collected and 
reported to identify the trends in technologies.  

3.5 Calculation 
This section details the method to calculate the efficiency of a Rankine cycle. To illustrate the 
case, here below is pictured a WHR system for a cement application. The cement industry is very 
standardized industry. The layout of the plants is the same in many countries and that makes it 
the case easy to model. This example represents a simple cycle based on water. The two turbines-
configuration can be avoided and replace by single-turbine to cut costs off, like presented in the 
figure 3.  

 

Figure 14 WHR configuration for a cement case (Energetic and exergetic analysis of 
waste heat recovery systems in the cement industry , 2013) 

There are two major methods to calculate the potential electric power of an installation.  
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The first method is to detail all the steps of the Rankine cycle. The first step is to calculate the 
heat transferred to the working fluid in regards of the heat contained in the exhaust gases. The 
ideal recoverable heat quantity from a heat source is determined by the following equation:  

Equation 1 Thermal energy available from the exhaust gases 

	 	 ∗ ∆ ∗  

∗ ∗  

The value of   is the average  and  . The factors influencing the value 

	 are the temperature, the pressure and the content of the flue gas. In theory, the thermal 
power lost by the exhaust gases is transmitted to the fluid. In practical systems, it depends on the 
performance of the heat exchanger.   

The efficiency of the system is then given by the equation 2.  

Equation 2 Thermal efficiency of the cycle 

	
	

 

The work generated by the turbine, the work consumed by the pump are calculated below. Those 
values are directly linked with the components efficiency. The expansion in the turbine is indeed 
limited by its isentropic efficiency and the pump work depends on the pump efficiency.  

Equation 3 Turbine work, Pump work 

	 ∗   

 ∗   

The net electric power output is then given according to the efficiency of the generator and the 
mechanical efficiency of the turbine.  

Equation 4 Net electric power output 

∗ ∗  

The assumed values for  and 	are respectively 98% and 97%.  

There exists another method used in many papers to avoid those calculations and estimate 
directly the efficiency of a system from the Carnot efficiency.  

	 ∗ ∗ 	 	  

According to that paper (Elson, et al., 2015),  corresponds to the impact of irreversibility and is 
estimated between 30% and 50% according to the temperature of the heat source. In practical 
systems,    is assumed to be 30% of the Carnot efficiency, in some articles this efficiency is 
called “Fraction of Carnot”.  

Concerning ORC, the paper Evaluating the potential of process sites for waste heat recovery, underlines that 
the performance of the system is highly dependent on the fluid selection. The research pursuing 
by the researchers have led to the following approach:  
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Equation 5 Efficiency in function of Carnot efficiency 

∗ 	  

Equation 6 Factor ORC 

∗ 	  

The couple ;  depends on the fluid. The table below gives the values of the couple for some 
fluids used in the industry. 

Table 7 Values of parameters for several ORC fluids to estimate the efficiency of a system 

 

 

3.6 Data analysis  
The methods to estimate the potential waste heat can be classified with three perspectives: the 
scale of the study, the way the data are acquired – estimation or survey and the approach used – 
that is to say bottom-up or top-down (Industrial waste heat potential in Germany—a bottom-up, 
Springer Science+Business Media). Many studies have been categorized in this paper and showed 
that a wide variety of methods can be used. The scale of this thesis, mentioned earlier, which try 
to be as wide as possible, excludes the use of surveys to acquire information. The surveys are 
indeed reserved for limited studies within a company or a sector. 

Considering the work wanted to achieve, the most accurate approach will be to estimate the 
waste heat available thanks to heat or energy demand and efficiency. This top-down approach 
can be completed bottom up for the validation of the model. 

The method selected has been first to identify the most promising industries based on previous 
studies, and assuming the capacity of production for each industry in 2015 in the world. Then 
according to real WHR projects and scientific paper determine the most likely recoverable 
sources from the process and the amount of heat available. In evaluating a project for heat 
recovery, the next step is to assess the passive heat recovery strategies, that is to say the solutions 

Fluid   

Cyclopentane -0,5979 0,7622 

n-Pentane -0,7625 0,7497 

n-Hexane -0,7402 0,7506 

Isobutane -0,9648 0,7436 

Isopentane -0,7965 0,748 

Propane -1,3267 0,7322 

Benzene -0,5085 0,7663 

Toluene -0,5507 0,775 

R113 -0,7006 0,7475 

R114 -0,8867 0,7428 

R134a -1,2582 0,7451 
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handling directly heat. Finally, a potential amount of electricity can be estimated from the WHR 
technology efficiencies. The option that is most cost effective and simplest has to be privileged.  

The results can then been cross-checked with the already installed projects.   

Finally, the remaining potential can be assumed by sub-straying the installed projects to the 
calculated potential. The potential following the growth of the industry markets could be gleaned 
from the growth rate of each industry.  

When comparing several technologies that can overcome the same technological barriers, the key 
factor to determine the most suitable for waste heat projects is the efficiency of the technology, 
that is to say the potential electricity output. The lack of data for small power plants running with 
water has led to developing a excel-tool to calculate the expected output of a system from a given 
exhaust stream. This tool has been a comparison tool later on with the ORC expected output 
given by several ORC manufacturers. As mentioned earlier, considering the high number of 
parameters involving in the ORC efficiency calculations, data collected from ORC manufacturers 
and Siemens was gathered and used to provide a comparison between ORC and water cycle. This 
method does not allow an accurate comparison between the technologies.   

3.7 Conclusion 
This project has been conducted via a bottom-up approach. The most promising industries are 
chosen and their current WHR methods are detailed, then the technologies are aligned with the 
relevant industries. Finally, the last part identifies the drivers leading to a further development of 
WHR system.  
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4 Results 
This sector presents the results from this degree project. The different technologies for WHR 
system are analyzed and ranked by temperature and advantages. The methods for WHR in the 
industries are presented and the configurations of WHR system for power generation are 
proposed. Finally, the economic drivers and barriers that influence the implementation are 
analyzed.  

4.1 Technologies 
This part details the possible technologies for power generation, with their different 
configurations to optimize the system in function of the heat source.   In particular, the ORC is 
compared with a water-based cycle to highlight the advantages of each technology.  

4.1.1 Water/Steam Turbine Cycle  

Water has been the first fluid to be used inside the Rankine cycle. Its availability and simplicity 
have encouraged its spread out worldwide. Today around 90% of WHR systems are water-based.  

Steam Rankine cycle is conventional for high temperature. Water has been chosen for years as 
working fluids due to its favorable properties. It is non-toxic, in most cases abundant and 
relatively low cost. Its thermodynamic properties offer good performance for temperature range 
between 700°C and 350°C.  

However, some disadvantages have been pointed out recently and have slowed down the 
development of new WHR systems. The energy efficiency policies conducted to a global decrease 
in temperature of the exhaust gases in the industry. In order to comply with legislations, 
companies looked for solutions to optimize their processes and avoid unless exhaust. As matter 
of fact, the energy consumption of all the industries have decreased since 2000 and the energy 
efficiency has been largely enhanced. In that context, the energy available at the end of the 
processes has decreased and the temperatures of the exhaust gases have fallen below the limit 
temperature of water.  

The critical temperature of water is indeed at 375°C. It means no matter what progress could be 
made in the future this temperature would always be the the threshold to the most efficient water 
solution. Above this temperature, the efficiency of the cycle can be up to 45%. However, 
temperatures at the inlet of the expander can be gone down by turbines which enable saturated 
water to be used. In that case, the water entering the expander can be between 150°C and 375°C. 
Small turbines can also be developed to fill this criteria, however, the efficiency of the process 
would be slower than other solutions like ORC or screw expanders.  

The study (Energetic and exergetic analysis of waste heat recovery systems in the cement industry 
, 2013) compares explicitly for the cement industry a Rankine cycle water-based and and ORC. 
Results highlighted than water cycles with a turbine remain the best solution if the exhaust gases 
temperature is above 320°C. The threshold temperature is a controversial topic in the literature. 
A chart with the efficiencies of different cycles found in the literature is presented in the section 
Technology overview (figure 20). The figure shows that there is probably an area between 280°C and 
380°C where the efficiencies of water cycles and ORC are so close that efficiency can not be a 
preponderant criteria to select the technology.  

In addition to temperatures issues, the design of the turbines for low power output can become 
challenging : regarding the water properties, the small mass flow are large expansion ratio induce 



30 
 

a problematic design of turbine and a low efficiency (Organic Rankine Cycle Power Systems: 
From the Concept to Current Technology, Applications, and an Outlook to the Future, 2015). 

4.1.1.1 Water Losses 

In some places of the world, water is a scare resource and water supply might be a problem. 
Water is present in power plants as a working fluid and in some cases as a coolant fluid. Water 
treatment inside the Rankine cycle is an substancial issue. Indeed, the water in the Rankine cycle 
needs constantly to be changed and be replaced by demineralised water. There are several sources 
to explain the losses in volume of water:   

- HRSG druw blowdown. The quality of water is determined by the amount of particles in 
the make up water. The less dissolved particles in water there are, the higher quality is the 
water. During the evaporation process, dissolved particles do not evaporate and remain in 
the bottom of the drum. They form a layer which prevents the good heat transfer inside 
the drum. In that case, the total efficiency of process decreases. The drum of HRSG 
needs therefore to be purged constantly to remove those particles.  The elaborated system 
causes 50% of the losses in water inside the cycle.  

- Superheater blowdown. The same phenomenon occurs during the start-up time. The two 
losses are separated because the starts-up of the system lead to higher rates of blowdown 
than blowdown rate during continuous operation. 

- Steam line drains  
- Sampling. Considering the water quality issues inside the cycle, sampling occurs on 

regular basis to check out several parameters of the water. The sampled water is in most 
cases not returned to the cycle and has to be replaced.  

- Condenser evacuation.  
- Leakages. During expansion, condensation and evaporation of water, some leakages of 

water are inevitable. 

Outside those losses, water is required as well for a water-cooled condensor. The need of water 
in that case becomes significant.  

The technologies for water treatment are typically determined by the experience of power plant 
operators (Gemma Allen, 2015). They have to take into account several factors that influence the 
water use intensities of power plants :  

- Diurnal and seasonal variations in temperature 
- Thermal efficiency of the power plant 
- Age of the plant and age of the cooling system 
- Water source 

To conclude, water handling is required anyway even if we ensure a high quality of water; make-
up will be needed to compensate the losses. Typically, make-up water needs are up to 4% of the 
water inside the cycle (Gemma Allen, 2015). 

4.1.1.2 Water Treatment 

Technologies for water treatment are generally determined by the experience of power plants 
operators. There are three steps in water treatment : the pretreatment before water enters the 
cycle, treatments during the cycle and post-treatment of waste water. The pre-treatment can 
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include Reverse Osmosis (RO) or cation/anion exchange to remove dissolved ions (Gemma 
Allen, 2015). In case of the utlisation of a RO, a pre-treatement is necessary to avoid any damage 
in the RO unit. The pretreatment parameters are a function of the cycle parameters. The higher 
are the temperature and the pressure in the cycle, the purer the boiler feedwater must be. Made 
of steel, corrosion occurs in the drum inside the HRSG, because of environmental conditions. 
The presence of oxygen and water lead to corrosion phenomenon. Injection and chemical adds-
in prevent the corrosion to occur in the boiler. 

4.1.1.3 Waste water treatment 

The blowdown system implies a post-treatment of the waste water of the unit. There are different 
factors that influence this treatment:  

- Regulation : the amout of waste water is limited due to the location of the power plant 
- Environmental issue : Waste Water can contamine natural sources of water (rivers, ponds, 

seas) 
- Waste water price  

4.1.1.4 Cycle optimization of water cycle 

The water-based cycle is optimized according the heat source characteristics. The parameters that 
can be set up are inlet turbine pressure that is set in function of the pinch point in the Q-T 
diagram, condenser pressure that is typically below 1 bar and the temperature of superheated 
steam that is set in function of the gas inlet. 

4.1.1.4.1 Possibility of a closed cycle 

Projects have been pushed up to reduce water consumptions in order to cut the expenses due to 
wastewater disposals and the supply of demineralized water. Among those projects, boilers have 
been developed for large power plants to reduce the blowdown rate. Investigations and 
interviews have been conducted to evaluate the possibility to close the water cycle for a small 
unit. The first opinion on this idea was that it was possible to reduce the lost inside the boiler by 
using high-quality materials that could prevent the corrosion from occurring. However, boilers’ 
manufacturers  

4.1.2 ORC Optimization 

That section reports how to design an ORC according to the heat source.  

4.1.2.1 Fluid selection  

In theory, the optimal solution adapts the fluid selection to the source of heat available. The fluid 
used in an ORC cycle can be selected to match the temperature source in function of: 

- Vapor-liquid point 
- Saturation line 
- Specific point 
- Specific heat 
- Fluid pressure and density level 
- Freezing point 

The fluid selection offers a better matching with the heat source. The fluid selection can be seen 
as the main barrier to the development of ORC. 
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The ideal fluid should be ideally:  

- Nontoxic – environmentally friendly 
- Non flammable  
- Low GWP and ODP 
- Thermally stable  
- Stable overtime 
- Good lubricant 
- Electrical insulator and compatible with the adopted resin 

Table 8 Parameters for the selection of an organic fluid 

Efficiency 
optimization 

Stability  Safety  Economic 

Boiling point – 
acceptable 
evaporation 
pressure 

Auto ignition 
Temperature 

Non 
corrosive 

Availability 

Molecular weight Melting point Non 
flammable 

Moderate 
cost 

Density  High 
temperature 
stability 

Non toxic  

High conductivity   Low ODP – 
Low GWP 

 

 

The articles Energetic and economic investigation of Organic Rankine Cycle applications (Energetic and 
economic investigation of Organic Rankine Cycle applications, 2009) and Technological and 
Economical Survey of Organic Cycle Systems (Technological and Economical Survey of Organic 
Rankine Cycle Systems, 2009) present an overview of ORC manufacturers and their selection of 
fluids.   

Table 9 List of ORC manufacturers 

ORC Manufacturers Fluid Power Range 
(kW) 

ORMAT, US N-pentane 200 - 72 000 

Turboden, Italy OMTS (Silicon oil) 200 - 2 000 

Cryostar R245, R134a  

Adoratec, Germany OMTS 315 - 1 600 

GMK, Germany GL160 (patented) 50 - 2 000 

Infinity Turbine R134a 250 
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Ecogen CO2  

Koehler-Ziegler, 
Germany 

Hydrocarbon (HC) 70 – 200 

Ergion, Germany Water-based + 
additives 

4 – 300  

WSK, Germany Fluoric Hydrocarbons 52 - 65 

Tri-o-gen   

Electratherm   

Opcon   

Enertime  3 000 

ORCAN  20-500 

 

The fluid selection being directly linked with the temperature of the heat source. It makes sense 
to classify the common working fluids in commercial ORC installations by applications. Hence, 
ORC manufacturers to handle specific applications privilege some fluids.  

Table 10 ORC fluids used in the industry and their applications  

Fluid Application  

N-pentane Solar ORC, WHR and medium T 
geothermal 

OMTS Biomass-CHP  

R245fa WHR – Low Temperature - Geothermal 

R134a Geothermal – Low T WHR 

R600 Solar - Geothermal 

Solkatherm WHR 

Benzene Waste Heat Recovery 

Toluene Waste Heat Recovery 

 

Besides the selected organic fluid, ORC offer some flexibility in parameters to choose the best 
design in each project. The intermediate transfer fluid can thus be liquid water, saturated vapor or 
oil. In order to get a better efficiency, the intermediate should remain fluid. In addition, the 
pressures inside the cycle should be optimized: the inlet turbine pressure has to be set in function 
of the pinch point in the Q-T diagram and the condenser pressure should be set above one bar to 
avoid vacuum system.  

The selection of a design matching perfectly with a certain source gives a substantial advantage 
for ORC to reach a higher efficiency. The possible designs are resumed in this table coming from 
the paper (Organic Rankine Cycle Power Systems: From the Concept to Current Technology, 
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Applications, and an Outlook to the Future, 2015). The authors classify the ORC power plants 
according the chosen parameters.  

 
Figure 15 Proposed terminologies for properties that can be used to classify ORC power 

plants (Organic Rankine Cycle Power Systems: From the Concept to Current 
Technology, Applications, and an Outlook to the Future, 2015) 

4.1.2.1.1 Possible applications 

ORC has become popular not only in the WHR area. Beside WHR systems, the ORC systems 
can be applicable in theory to any external heat source. The website ORC-World-map (Tartière, 
2015) gives an overview of the current situation of the ORC market in 2016 by applications:  

- Geothermal  : 2,1 GWel installed mainly in USA, Turkey, New Zealand and Philippines 
- Solar radiation : 28 MWel  
- Biomass combustion : 294 MWel 

Moreover, ORC have also been proposed for other applications, even though a few units have 
been commercialized yet. ORC can recover heat from urban solid waste, landfill gas combustion, 
ocean thermal gradient and other combined cycle as well (Organic Rankine Cycle Power Systems: 
From the Concept to Current Technology, Applications, and an Outlook to the Future, 2015). 

4.1.2.2 ORC Configurations  

Superheating is not necessary for an ORC cycle. The superheating process is employed in the 
water cycle to avoid any moisture during the expansion that could damage the expander. The 
properties of many fluids include a negative expansion line, which enables an expansion of the 
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fluid without moisture anyway. However, a supercritical cycle configuration can be possible even 
if the thermal energy source is at low temperature.  

The cost of ORC depends on the quantity of heat input, the temperature input, the cold source 
temperature and type (and any case of no cold source, the cooling system), the working fluid, the 
thermal vector used (water, gas, oil). 

Excluding WHR applications, ORC can be used for power generation with geothermal 
reservoirs, solid biomass or biogas combustion, flue gas from GT and CSP. Besides power 
generation, ORC have been proposed for district heating applications.  

Like water cycles, several expanders can also be used in ORC’s: dynamic, piston, lysholm, scrolls. 
Considering the knowledge developed in the firms, turbines are however, the favorite option at 
this point of time. However, there exist some commercials options to use screw expanders. 
Different configurations exist to improve the efficiency of the ORC.   

The ORC configuration does not imply any fluid treatment. Used with an air-cooled condenser, 
an ORC does not require any water supply. That solution is particularly privileged in areas where 
water is a scarce resource.   

4.1.3 Configurations of the Rankine Cycle  

The Rankine cycle is a variable cycle that enables different configurations to better match the 
requirement of a heat source, either it is an ORC or a water cycle. That section presents the 
different cycles and in which case they are used for.  

The Saturated Rankine Cycle 

 

 

The saturated Rankine cycle refers to the basic cycle of Rankine, without any regenerative or 
superheating conditions. The fluid enters the expander as saturated vapor. This cycle is used in 
most ORC. 

Wet Rankine Cycle with ORC and a screw expander 

Figure 16 Saturated Rankine Cycle (Ian K. Smith, 2014) 
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Figure 17 Wet Rankine Cycle (Ian K. Smith, 2014) 

In the wet Rankine cycle, the fluid is not heated up until its vapor phase. When using a screw 
expander, the expander can admit the fluid in a wet condition. In that case, the cycle should be 
optimized to obtain a saturated vapor condition at the expander outlet.  

Trilateral flash cycle (TFC) with a two-phase expander 

The working fluid is only heated to its boiling point. In case of a single-phase heat source, the 
cycle enables high heat recovery efficiencies (Ian K. Smith, 2014). However, the cycle presents 
some disadvantages: - in case of highly polluted gases or low temperature sources, the overall 
conversion efficiency is much reduced.  

Two-phase expander are less efficiency than the turbines 

When using water, the volume flows and volume ratios in the expander are big and there are 
expander design problems. The condenser and the heater have to be large. 

Figure 18 Trilateral flash cycle (Ian K. Smith, 2014) 

Higher temperature two phase cycle 

The cycle is proposed by the authors of (Ian K. Smith, 2014) as an alternative option of the TFC 
in the 180-210°C range. The cycle is composed of two expanders: one two-phase expander and 
one dry-vapor expander (type turbine). Contrary to the TFC, at this temperature range the two-
phase expander needs only one stage. A separator vessel is placed between the two expanders to 
separate the vapor and the liquid coming from the two-phase expander. The liquid is then used to 
preheat the condensate. The efficiency of such a system is 5-10% higher than superheated or 
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supercritical ORC. The figure shows a schematic of the cycle. After the second expansion, a 
regenerator can be used if necessary to avoid damages in the condenser.  

 

Figure 19 Higher temperature two phase cycles (Ian K. Smith, 2014) 

 

Figure 20 Higher temperature two-phase expansion cycle system schematic (Ian K. 
Smith, 2014) 

 

Supercritical cycle 

The performance of the Rankine cycle can be significantly 
improved by operating the supercritical region of the fluid that 
is to say abote its critical pressure and temperature. For water, 
this point is located at (373°C; 22,06 MPa). The primary 
concern when using water is the material limits of equipment. 
In the boiler and in the turbine, the materials are exposed to 
temperatures above their limit, possibly leading to cracks or 
failures (Hough, 2009). For this cycle, CO2 with a lower critical 
point (31,1°C; 7,39MPa) is a recommended choice.  

Figure 21 Supercritical Rankine Cycle (Ian K. Smith, 2014) 

Superheated cycle 
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Superheated conditions are achieved through a super heater 
placed after the evaporator. They will increase the temperature 
at the turbine inlet, the turbine work, and the cycle efficiency.  

 

 

 

 

Figure 22 Superheated Rankine Cycle (Ian K. Smith, 2014) 

Regenerative feed heating 

This configuration extracts stem between the stages of 
the turbine to preheat the fluid before entering the boiler. 
Most of the ORC fluids are indeed isentropic. When the 
inlet turbine temperature (TIT) is too high, the fluid at 
the exit of the turbine is still superheated. That involves a 
waste of energy and an increased risk for the condenser. 
To protect the condenser, a regenerator configuration 
cools down the fluid by the liquid going out of the pump. 

The increase in temperature at the inlet of the heat exchanger results in an increase in the 
efficiency of the system.  

Figure 23 Regenerative feed heating (Ian K. Smith, 2014) 

Some configurations can be proposed when two or more sources of heat are available.  

Dual pressure cycle 

The dual pressure cycle is the best-know in that case (see figure 33). This cycle is already used in 
some cement plants to recover heat form the cement kiln and the clinker cooler. The same fluid 
is used to recover the heat from the two sources and enters the expander-the turbine or the screw 
expander- at two different stages. It minimizes the number of heat exchangers.  A compromise 
should be found between the optimum performances of the two sources leading to a cheaper, 
but less efficient solutions than if two separate systems were used (Ian K. Smith, 2014) 

Binary fluid system 

This cycle is composed two cycles with different working fluids linked by a heat exchanger. This 
heat exchanger acts as a condenser for the first cycle and an evaporator for the second cycle. 
That system is reported to be more efficient than a simple dual pressure cycle.  
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Figure 24 Binary cycle system with different working fluids (Ian K. Smith, 2014) 

Those configurations offer possible improvements in efficiency that have been detailed in the 
paper Techno-economic survey of Organic Rankine Cycle systems, published in March 2013:                     

Table 11 Performance improvement with improved configurations (Techno-economic 
survey of Organic Rankine Cycle (ORC) systems, 2013), (Ian K. Smith, 2014) 

Architecture Performance improvement (%) 

Transcritical cycle 8 % 

Zeotropic mixtures Up to 16 % 

Regenerative cycles 14 % 

Cascaded Cycles N/A 

Cycles with reheating 4 % 

Two phases expansion cycles 5-10% (Ian K. Smith, 2014) 

Multiple evaporation pressures 16 % 

Wet ORC 5 % (Ian K. Smith, 2014) 

 

4.1.3.1 Comparison Water – ORC 

The temperature is often the main parameter to select either to use an ORC or a water cycle. 
Nevertheless, even if the two cycles are rather similar, there are a few elements to consider giving 
a complete understanding of the two technologies. That section provides a comparison between 
water cycles and ORC to identify the strengths and the weaknesses of each system, not only from 
a temperature point of view.  This comparison has been divided into 3 parts in order to identify 
for each part of the cycle, the main drivers. The table below focuses on the turbine part (Techno-
economic survey of Organic Rankine Cycle systems, 2013). 
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Table 12 Comparison of water cycles – ORC - 1 

Parameters Water cycles ORC 

 

Superheating 

 

Superheat necessary 
+ Blowdown super heater 

 

No need for superheating – the fluid 
remain superheated after expansion 

Turbine lifetime 15-20 years Potentially longer due to the absence 
of corrosion on turbine blades 

Turbine inlet 
Temperature (TIT) 

High temperature required to 
avoid droplets formation during 
expansion  

Low Temperature implies lower 
thermal stresses in the boiler and the 
turbine blades 

Turbine design Multiple stage expansion  Single or two-stage turbines  

Rotating speed Reduction gear to drive the 
generator 

Direct drive of the electric generator 

Turbine efficiency 75 % at low temperature 

Up to 85 % 

Up to 85% 

 

 

Figure 25 Comparison of different turbines (Hough, 2009) 
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The table below reports the differences in the heat exchanger parts, largely affected by the choice 
of ORC or water. 

Table 13 Comparison water cycles - ORC - 2 

Parameters Water cycles ORC 

Low Temperature 
recovery  

Boiling point between 150 C and 347 
C 

Lower boiling point  

Boiler design Steam drum and recirculation 
necessary 

Smaller density difference 
between vapor and liquid -
> Once-through boiler  

Pump consumption Low flow rate  

0,4% of  the turbine output 

High flow rate 

2-3% of  the output 
Up to 10% for HRF-134a  

High Pressure High Pressure about 60-70 bars  Does not exceed 30 bar 
No on-site steam boiler 
operator necessary 

Condensing Pressure Generally around 0,1bar To avoid air infiltration  : 
Pressure >1 bar 

Cycle design No regenerator Need for a regenerative 
cycle when the vapor is 
still superheated 

Finally, here below are presented the major differences concerning the whole cycle.  

Table 14 Comparison water cycles - ORC - 3 

Parameters Water cycles ORC 

Components 
size 

Density vapor at low Pressure  : 0,3kg.m³ 

High volumetric rate implies bigger diameter of 
the piping and increases the size of HE and 
turbine. 

Compact design enabled 
due to low volumetric rate 

Fluid 
characteristics 

Non-toxic, non-flammable, low GWP  Potentially toxic, 
flammable and GWP 

Fluid has to be selected 
carefully 

Tightness Leaks, drainage and blow-down -> Water-
treatment 
Deaerator to avoid corrosion  

 

Efficiency  Thermal efficiency higher than 30% in most 
favorable cases 

Current units do not 
exceed 24% 
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To conclude, the advantages of ORC compared to water cycles can be resumed by a compacter 
design, a higher flexibility in design and operation and the absence of water supply. However, the 
water cycles offer better efficiency at high temperature, are well-known and do not report any 
safety issue.  

4.1.3.2 Screw expander 

The screw expander was developed in London 1990 and marketed in Europe by Heliex Power. 
The screw expander is a very promising technology and can in theory use water and ORC as 
working fluids. The main use of this technology is a replacement of the pressure reduction valve 
in industries using steam distribution system. Placed in parallel of the PRV, the unit operates fully 
automatically to generate power out of the pressure reduction. This market for this use can be big 
since it can potentially concern every sector with a steam system. At this point, the units are 
available until 500kW.  In addition, the screw expander is also proposed for direct waste heat 
recovery applications to replace steam turbine when steam parameters are below 25 bars. An 
example of this system is presented below. According to the manufacturer, the technology 
presents the following advantages:  

 simpler and more robust than turbines 

 fewer parts 

 operate at lower speeds and low torque transmission 

 large displacement 

 almost pure rolling contact between the rotors 

 Rotors are not damaged by wet steam or water 

 Acceptance of fluctuating mass flow rates and pressures 

 Low maintenance costs  

 No synchronizing gears since the process fluid can be used to lubricate the rotors  

 

Figure 26 A screw expander technology placed at the end of a diesel engine (Hynes, 2014) 

Moreover, screw manufacturers also point out that the screw expanders unit does not require any 
installation permits compare to ORC and water-based cycles. This argument makes that easier 
and faster to install for a customer. 
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4.1.4 Technology overview 

That section concludes the part on technology analysis. Here below is a chart of different cycles 
in function of the temperature of exhaust gases collected through this study.  

 

Figure 27 Thermal efficiency of technologies in the literature in function of the exhaust 
gases temperature 

This chart shows two trends of the industry: ORC applications are focused below 250 °C and 
water cycles are above 400 °C. Between those two temperatures, none of the technology shows a 
substantial advantage in terms of efficiency. The selection of technology should be based on the 
heat available, the process design or the possible fluctuation. In any case, the Stirling engine 
shows much lower performance that the rest of the technology. But that technology could be a 
cutting-edge for very small applications (less than 100kW) where the Rankine cycle is no longer 
competitive. The TEG technology shows stable results no matters the source temperature 
around 5%. 

As a conclusion, there is no major difference between the different Rankine cycles. ORC has a 
better efficiency for temperature sources at low-temperature range whereas water should be 
privileged in case of high-temperature range. In case of medium temperature, the choice of 
technology would depend on other parameters as large or small quantity of heat, fluctuation, 
requirement on the design.  

The main driver for ORC development remains its ability to handle very low-temperature sources 
like geothermal. The expected development of geothermal in the future could push further the 
development of that technology. 

As far as the screw expander is concerned, that technology covers a temperature range already 
covered by water cycles or ORC. But the technology remains for the moment limited in size 
(maximum power output 1 MWel) and pressure (above 20 bars). Its main advantage remains in 
its utilization in parallel of an expansion valve.  
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TEG, the Stirling engine and the PCM engine are three technologies whose first application was 
not waste heat recovery systems. However, they can represent a potential market besides Rankine 
cycle for smaller applications and lower temperature ranges but the state of the art for those 
technologies leaves them behind compared to the Rankine cycles.  

The two following tables present the main characteristic for each technology.  
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Table 15 Rankine cycle technologies for power generation  

(Techno-economic survey of Organic Rankine Cycle (ORC) systems, 2013), (Bottoming cycles for electric energy 
generation: Parametric investigation of available and innovative solutions for the exploitation of low and medium 
temperature heat sources, 2011) , (COGEN, 2016), (Echogen, 2015),  (Electricity generation from low-temperature 
industrial excess heat—an opportunity for the steel industry, 2014) 

Criteria Rankine cycle 

 Rankine 
subcritical with 
water 

CO2  

 

Screw expander ORC Kalina cycle Micro Rankine Cycle  

Temperature High  
Medium 

Medium 
from 240 – 600 
C  

250 55 – 300  Low – Medium Medium 

Response to 
mass flow 
fluctuation  

Low Medium Low Medium Medium  

Power range 5 MWel 1 MW – 8 MW 
el 

500 kWel 30 kW – 20 MW  

Average : 1 MWel 

5 MWel <20  kWel (COGEN, 
2016) 

Efficiency 
 (%) 

20 %  15% 7,5 – 16 %   0,65*   

Stage of 
development 

Advanced Under 
development 

First installation 
in 2013 (Heliex 
Power Ltd, 2015) 

Available Available Under development 

 

Advantage Big power plant 
Efficiency at 
high 
temperature  

Well-known 
technology 

No safety issue 

Low-cost 
working fluid 

Low pump 
consumption  

Non-flammable, 
non-toxic and 
high chemical 
stability working 
fluid  

Small equipment 
Low installed 
costs 

Enable wet 
steam in the 
expander 

Simpler and 
more robust 
than turbines 

Low 
maintenance 
costs 

Moderate or Low 
Pressure and 
Temperature  

High turbine efficiency 

No corrosion 

No blade erosion  

No water treatment 
system or deareator 

No operator attendance 
needed  

Can operate at partial 
load condition  

Lower freezing point 

No superheating 

Compactness(higher 
fluid density)  

Higher 
efficiency 

No thermal oil 
loop 

Minimal 
downtime for 
maintenance 
Superior heat 
transfer  

Mechanical simplicity 
 low cost and 
durability 

Electric control for 
optimum efficiency 

Virtually vibration free 
and silent 

Compact technology 

Disadvantage Water treatment Higher cost 

Technology 
under 
development  

Water treatment Cost issues  

Peak cycle 
temperature 
threshold at 350 °C 

Safety concerns 

Size issue 

Higher mass flow -> 
larger feed pumps 

Higher 
complexity 
 

Higher flexibility 

Operational 
management 

Safety 

Turbine design 

Limited to small scale 

Company Kawashaki Ecogen Heliex Power Turboden 
ORMAT 

Wasabi New 
Energy Asia  

COGEN (Australia) 
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Table 16 Other technologies available for PG 

(Study on waste heat recovery from exhaust smoke in cogeneration system using woody biomass fuels, 2012), (Study 
on waste heat recovery from exhaust smoke in cogeneration system using woody biomass fuels, 2012),  (Electricity 
generation from low-temperature industrial excess heat—an opportunity for the steel industry, 2014), 
(Thermoelectric Generators (TEG), 2015), (Elson, et al., 2015) (Cool Energy, 2016) 

Criteria  Others Technologies 

 Striling engine TEG Piezoelectric 

Generation 

Thermionic Generation PCM 
engine 

Temperature 650°C  

100°C-400°C 

150 – 300°C 100 – 150°C  1000°C  25 – 95°C 

Response to mass 
flow fluctuation  

- High High High  

Power range 25kW – 1 MWel 

 

10 - 25 kWel 1 kWel  1 kWel  10 kW – 1 MW 
el  

Efficiency 
 (%) 

8 – 30% 1 – 5 %  

 

1%   2,5 %  

Stage of 
development 

Under 
development 

Available on a  small scale 

Under development 

Under development No further 
development since 2008 

First installation 
in 2013  

Advantage Low-cost material  
Non combustion 

Self-lubricating 
components 

 

Solid state construction, 
no moving part, no 
vibration 
 

No noise and low 
maintenance 

Performance output 
highly scalable 

Solid state construction, no 
moving part 

  

Disadvantage Small size 
(<50kW) 

Small size (<50kW) 

Low efficiency  

High cost 
High output resistance 

Adverse conditions 

Small size (<50kW) 

Low efficiency  
High costs 
High internal impedance 
Complex oscillatory fluid 
dynamics  

Need for long term reliability 
and durability 

Small size (<50kW) Small size 
(<50kW) 

Company CoolEnergy (US)  Alphabet Energy (US) 
Micropelt (DE) 

  Exencotech (SE) 
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4.2 Segments  
This section presents the segments that present the best opportunities for WHR projects.  Its 
takes place in the worldwide view but for practical reasons, the scope has been limited to several 
high-energy consumptive industries and countries. US energy department paper and UE paper 
have established the highest energy consumptive industries in a perspective of a waste heat 
recovery and have focused their work on a dozens of industries. The most interesting industries 
have been considering using as key factors the amount of power available, the source cleanness 
and the operating process. The WHR technologies require indeed a certain amount of waste heat 
supplied in a constant way. The industries studied in this paper have been selecting according the 
results of the US energy paper and UE paper.  From the definition of waste heat, biomass, 
CCPP, geothermal have been excluding from this study. More information about them can be 
found in the section Limitations.  

This chart presents the data collected in the literature for different industries. Each point is an 
example of a waste heat source and its temperature.  

  

As a result, the glass industry is quoted 34 times. The furnace of the glass melting process is a 
major source of waste heat and its temperature can be very variable. Two big trends can be 
identified though: furnaces with exhaust gases at 400°C, corresponding to the regenerator 
furnaces, and furnaces with exhaust gases at temperature above 1000°C, corresponding to 
furnaces without system of regeneration or recuperation.  

On that chart, data collected for the cement industry seem stable around 350°C. Two reasons can 
explain this. First, the cement industry is a very standardized industry leading to heat sources 
relatively similar in temperature and mass flow. Second, there are many projects on-going in this 
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industry, particularly in China providing a lot of data concerning the actual waste heat streams in 
the process.  

Then, 15 different articles provide examples of waste heat sources in the steel and iron industry. 
This sector is particularly energy-intensive and many solutions have been proposed to reduce the 
energy consumption. The complexity of the processes leads to many different sources of waste 
heat with very different characteristics (see section Iron and steel).  

To conclude, there are different views concerning the temperature of the waste heat and how to 
recover it. In some industries, as aluminum, glass and steel, it seems difficult identify average 
temperature and characteristic of the flow. 

The article (ORC waste heat recovery in European energy intensive industries: Energy and GHG 
savings, 2013) proposes a method to evaluate the potential market for some industries. As far as 
the ORC technologies are concerned, the segments targeted as “promising” are align with the 
examples found in the literature:  

- Cement industries with Clinker exhaust 

- Steel industries (EAF with recovery and rolling mills) 

- Glass industries (Floating glass) 

- Gas Compressor Stations 

The ORC potential ORC in EU industries should be around 2,7 GW (ORC waste heat recovery 
in European energy intensive industries: Energy and GHG savings, 2013). The results of this 
study are detailed in the table below: 

Table 17 ORC Potential by industry in Europe (ORC waste heat recovery in European 
energy intensive industries: Energy and GHG savings, 2013) 

Process Heat source 
Temperature 

P ORC 
(kW/t) 

Plants ORC Power 

Flat Glass 500 2,33 58 79 

Clinker Prod 350 1,01 241 574 

EAF 250 27,8 190 438 

Rolling Mills 400 6,87 209 310 

GCS and GSF - - 613 1304 

Total  - - 1211 2703 

 

The potential is thus calculated in function of a characteristic number determined by industry and 
expressed in kW/t. The potential in Europe is estimated with the production of each industry.  

4.2.1 Technical barriers 

The main barrier to develop a WHR project is the technical issue to handle the waste heat. In 
that section, are identified the characteristics recommendable for adopting WHR systems: 
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Table 18 Characteristics that influence the adoption of WHR systems 

Parameters Characteristics 

Product Homogenous product 

Process Simple process 

Temperature Medium-High temperature 

Pollution Few contaminants to avoid issues such  as corrosion/acidification 

Components Relatively small number of system components 

 

There are many barriers to consider while evaluating the technical potential for waste heat 
recovery. In that section, the distinction between low-temperature and high-temperature sources 
makes sense.  

For low-temperature range, the Carnot efficiency and the relatively new technologies available are 
the reasons for a poor thermal efficiency of any technology. As a result, prices by kW are 
substantially high compared to conventional technologies to generate power.   

As far as the high-temperature range is concerned, the study (Nimbalkar, et al., 2014) gives an 
overview of the reasons that prevent the development of waste heat systems. In particular, the 
materials used to handle high-temperature are an open issue.  

The High-Temperature corrosion impacts the material according to the flue gas content. The 
gases react chemically with the material and affect negatively the material properties. The study 
(Nimbalkar, et al., 2014) lists the different reactions that can occur during the heat transfer:   

- Oxidation : the oxygen contained in the gases reacts with the material to form oxide 
products on the surface 

- Sulfidation :  
- Halogenation 
- Carburization 
- Nitriding 
- Molten Product Corrosion 

In addition to performing well at the average temperature of the gases, the selected material must 
resist to corrosion during off-load periods and to air drafts in case of poor maintenance.   

Moreover, the calculation to evaluate the potential recoverable heat has to take into account that 
a flue gasshould not be cooled down below its dew point to avoid acidification issue in the heat 
exchanger and in the stack.  Depending on the content of gases, this point is between 110°C and 
170°C. The more polluted are the gases, the higher is the temperature of the dew point.  
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4.2.2 Iron and Steel industry  

The iron and steel industry covers a wide range of different processes transforming the coal and 
ore yards into steel products.  This industry provides hence many opportunities to recover heat. 
This potential is well-know all over the world and projects are on-going to develop more efficient 
solutions (2011). The picture below illustrates all the waste heat streams from the coke plant to 
the rolling mill.  

 

Figure 28 Current waste heat methods in steel works (2011) 

The paper Waste Heat recovery: technologically and economically viable solutions for industrial businesses report 
the average parameters of the waste sources in the steel industry before any heat recovery 
measure.  
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Figure 29 Waste Heat sources in the steelmaking process (Plisson, 2016) 

Sinter Plant 

Upstream to the industry, the sinter plant creates from the ore yard a product that can be 
introduced in the blast furnace called “sinter”. The process makes the yard to fuse to form a 
uniform mass. In the thesis A Waste Heat Recovery Strategy for an Integrated Steelworks (Williams, 
2015), the author emphasizes that there are 2 options to recover the heat for the sinter cooler. 
The first is a WHR boiler above the sinter cooler and the second is a WHR from the sinter bed 
exhaust gases and the sinter cooler where the heat is used to preheat the combustion air for the 
burner and the sinter bed. In both cases, the heat recovered can be used to preheat the 
combustion air and to produce high-pressure steam necessary to the process. An example of that 
system is pictured below:  
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Figure 30 Sinter Plant Waste Heat Systems 

Coke plant  

In parallel of a sinter plant, the coke plant transforms coal into coke. This process includes 
burning of coal at high temperatures (1100°C).  

There are in this process several sources of waste heat. The article (Williams, 2015) presents for 
example the replacement of the wet coke quenching by the dry coke quenching. The system 
based on nitrogen passing through a bench of heat exchangers can generate steam in a waste heat 
boiler. In addition, the coke oven gases can also be recovered but at this point of time the 
pollution of the gases prevented the available technologies for being used.   

Blast furnace gas (BF gas) 

The blast furnace is used to convert iron oxides into liquid iron. The process produces gases 
identified as hot-blast stove flue gases. A typical blast furnace releases 1,320 to 2,210Nm³ per pig 
iron (Nimbalkar, et al., 2014). 

The article reported also the current methods of WHR in blast furnace case:  

Table 19 WHR methods for blast furnace gas (Nimbalkar, et al., 2014) 

Method System status 

Recovery of chemical heat  Available and widely used 

Top gas pressure recovery 

 

Available but not widely used, particularly in US 

Recuperator hot blast 

 

Commercial status. Medium application potential 
in China and India, and low potential for the US 

BF gas preheating system using 
recuperator 

Emerging technology 

 

Basic Oxygen furnace gas (BOF) 
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Placed after the blast furnace, the basic oxygen furnaces refine pig iron into steel. Their gases are 
often reused for other puroposes in the process. For instance According to the source (Plisson, 
2016), BOF exhaust gases are most of the time redirected to a waste heat boiler to produce 
around 80 to 100 kg of steam per ton of steel.  The BOF off-gases offer the advantage to have a 
high mass flow rate, however they are reported to be highly polluted.  

Table 20 Average parameters for BOF 

Parameters Value 

Temperature 2000 °C 

Mass flow rate Min 25 000 Nm³/h 
 Max 50 000 Nm³/h 

Thermal power Max 35 MWth 

 

Electric Arc Furnace gas (EAF) 

An electric arc furnace is one of two options to produce steel in the world. Largely employed in 
Europe, this method recycles steel scrap to produce steel usable in the industry. The furnace 
heats the material until it melts by the means of an electric arc. The average temperature of an 
industrial electric arc can be up to 1800°C and its size is around several hundred ton.  

The study (Nimbalkar, et al., 2014) reports 9 different methods to recover the heat coming from 
the EAF off-gases and that around 100% of installations in the US already collect the off-gas to 
improve their energy efficiency.  

Table 21 WHR Methods for EAF (Nimbalkar, et al., 2014) 

Method Technology % EAF applying this 
method in the US 

Material Oxidation  Off-gas and ambient 
air are mixed to 
oxidize the 
combustible material 

 90% 

Scrap preheating Scrap is preheated up 
to 450°C 

<10% 

Steam generation  Waste heat boiler <10% 

 

4.2.2.1 Study case BF 

Besides the gases, the blast furnace cooling system is a good candidate for waste heat recovery. 
The authors of the article Energy and exergy analysis of an organic Rankine for power generation from waste 
heat recovery in steel industry presented a solution to recover the heat from the cooling of walking 
beams. The system rejects water between 90°C and 150°C. Two cases using 245a were analyzed. 
The energy efficiencies of the system are 10,2% and 8,8%, corresponding to 250kW (Energy and 
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exergy analysis of an organic Rankine for power generation from waste heat recovery in steel 
industry, 2014). 

 

Figure 31 Picture and schematic illustration of ORC 

4.2.2.2 Study case EAF 

 

Figure 32 Steam boiler system with EAF (ECCJ, 2016) 

As seen in the last section, steam generation is one of the options to recover heat from the EAF 
process. The efficiency of the system pictured above is around 30% (ECCJ, 2016). The steam 
thus generated can be used for power generation or preheating.  
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4.2.3 Cement industry 

The cement industry has been the most developed sector in terms of WHR projects for power 
generation. The Japanese industry was the pioneer in WHR systems for cement plants in the early 
1980s. After equipping all the Japanese plants, the manufacturers spearheaded the development 
of WHR systems in the world. The biggest cement producer of the world, China, reported to 
have equipped 70% of the Chinese cement plant with a WHR technology (Lu, 2015). Those 
systems are almost exclusively water-based. The demand in other Asian countries for WHR 
technologies grows increasingly.   

The process offers the advantages of two different heat sources suitable for a WHR system: 

- Exhaust gases from the pre-heater of the kiln 
- Air used for cooling the clinker after the kiln 

The estimations assume the temperatures of the sources to be between 250°C and 350°C, 
depending on the configuration of the factory. The number of stages inside the pre-heater is the 
key factor for the temperature of the gases. The more the number of stages is, the lower is the 
temperature. A 4-stage preheater provides exhaust gases at 300°C – 380°C, whilst a 5-6 preheater 
provides exhaust gases at 200°C – 300°C (Energetic and exergetic analysis of waste heat recovery 
systems in the cement industry , 2013). If the temperature of the two sources are roughly the 
same (around 250-350°C), the temperature decrease can be limited by a reuse of the gases later 
during the process of cement production or by the use of electronic filter to clean the gases. The 
gases exhausted from the kiln are indeed characterized by large dust content and must be cleaned 
before being rejected in the air (Energy Intensive Industry list per sector, 2010). It can be 
assumed that the gases will not be down below 150°C due to acidification issues.   

Besides electric power generation, the current methods of WHR for the cement case are 
presented in the table below (Nimbalkar, et al., 2014) :  

Table 22 WHR methods for the cement case (Nimbalkar, et al., 2014) 

WHR methods System status 

Preheating or pre-calcining and drying 
of charge material 

Available and used widely in modern 
plants. Sometimes retrofitted to older 

plants 

Fuel moisture removal of drying Available and used widely where applicable 

TEG No demonstrated. Still under development. 

District Heating Deployed in some places. Still under study. 

Clinker cooling air recovery Commonly used, though more efficient 
and modern techniques are being 

developed. 
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Figure 33 WHR system for cement plant - JASE World 2012 

4.2.3.1 Study case 

The two sources of waste heat for the cement industry make the study case for the cement case 
rather particular. The article (Mohammadi Amin, 2016) pictures a system using the two sources in 
a dual pressure Rankine cycle.  
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Figure 34 Schematic diagram of dual pressure Rankine cycle for HT heat recovery 
section  

 With this system, the two heat sources of the plant are never mixed. The exhaust gases can 
hence be used as preheater and/or pass through an electronic filter. The hot air, coming the 
clinker cooler, is on the other hand released directly in the air. The main parameters of this 
proposal are:  

Table 23 Parameters of selected points in the configuration on figure 30 

State Description T(°C) P(bar) 
 

1 Hot flue gas from the kiln 340 1,04 87 

4 Hot flue gas outlet 180 1,01 87 

5 Hot air from the grate cooler 270 1,04 71 

8 Hot air outlet 180 1,01 71 

15 ST inlet 1 300 15 5,7 

19 ST inlet 2 220 8 2,7 
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20 ST outlet 43,8 0,09 8,4 

9 Condenser outlet 43,8 0,09 8,4 

10 Feed water 43,8 8,2 8,4 

 

The net generated power of this configuration is 6 MWel for a plant with a capacity of 3400 ton 
per day. In this study, other configurations have been proposed and have given the following 
results: a simple dual pressure ORC could produce 5,3 MWel and a regenerative dual pressure 
ORC could produce 7 MWel.  

Many examples are available in the literature for cement waste heat recovery systems. To simply 
the estimation of the power recoverable in typical cement plant, the efficiency of the systems is 
often given in kWh electric power per ton clinker. Those estimations are summarized in the table 
below: 

Table 24 Potential electric capacity for a typical cement plant 

 Source Notes kWh/ ton 
clinker 

Potential MWel 
capacity  
for 3500 tpd 
plant* 

(Kawasaki Plant Systems, Ltd, 2011) Japan 
industry 

41 6 

( Indo-German Energy Forum, 2013) 

 

India 
industry 

25 3,6 

 China 
industry 

28 4,1 

(Clean Development Mechanism, 2006) Asian 
industry 

25 3,7 

(International Finance Corporation, 
Institute for Industrial Productivity, 2014) 

Max. 
efficiency 

45 6,6 

*Calculation based on 320 operating days per year 
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4.2.4 Glass industry  

As far as other non-metallic industries are concerned, glass industries also offer some options to 
develop WHR system, particularly in the float glass. The glass industry has four major segments. 
The container glass segment produces glass-packaging products, such as bottles and jars. The flat 
glass (or float glass) segment produces windows for residential and commercial construction, 
automobile windshields, mirrors, instrumentation gauges, and furniture, such as tabletops and 
cabinet doors.  The fiberglass segment is composed of two distinct subindustries: building 
insulation (glass wool); and textile fibers used to reinforce plastics and other materials for the 
transportation, marine, and construction industries. The specialty glass segment produces 
handmade glass, tableware and oven-ware, flat panel display glass, light bulbs, television tubes, 
fiber optics, and scientific and medical equipment (National Research Council, 1998). 

The main source of heat source is the exhaust gases of the melting furnace. There are many 
methods of waste heat recovery already implemented in the glass industry.  

There are first new types of furnace to preheating the combustion air: the regenerators, which are 
commonly used, and the recuperator furnaces. In the container glass industry the batch and cullet 
are used to preheat directly or via a heat exchanger the batch and the cullet. Finally, some 
projects are developed to produce steam. The steam parameters are between 20-30 bar and 
200°C-250°C. In that case, the steam can be used in order to preheat cullet, wet raw material 
batch, to process steam for other process steps in a glass factory (e.g. : preheating fuel oil), or to 
drive turbines. 

4.2.4.1 Calculation 

This part introduces a method to estimate the technical potential of a glass plant. The thermal 
power available in the exhaust gases of the melting furnace is given by the equation 7:  

Equation 7 Thermal power from the equation 

	 	 ∗ , ∗
,

∗  

The electric capacity of a WHR system is then assumed with the Carnot method developed in the 
section Method. The dew point of the exhaust gases is assumed 180°C.  

Equation 8 Electric Power Estimation  

	 	 ∗ 0,4 ∗  

180	°  

The following diagram gives the expected electric power given the inlet temperature of the gases 
and the mass flow available.  
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Figure 35 Potential electric power in function of mass flow and temperature of a source 

For a typical flat glass plant of 500tpd, the mass flow of the exhaust gases coming out the furnace 
are usually estimated around 80 000 Nm³/h. That table below reports the potential power 
according to the temperature of the exhaust gases.  

Table 25 Results of potential capacity for different exhaust temperatures 

Temperature of the exhaust gases Potential electric Power 

320°C 500 kW 

400°C 1000 kW 

450°C 1500 kW 

 

*Average mass flow of the exhaust gases: 80 000 Nm³/h  

In conclusion, the size range of the WHR systems in the flat glass industry is around 1MWel.  

4.2.4.2 Study case – glass melting furnace 

In the paper (Design of a flat glass furnace waste heat power generation system, 2014), the 
authors developed two examples of systems to recover the heat from a 1200tpd flat glass furnace. 
In comparison, the average size of a flat glass is 500 tpd.  The furnace was fueled by either 
natural gas or petroleum. In both cases, the system can generate 23t/h and the power output of 
the system is 5,2 MWel. The configuration for the natural gas case is pictured in figure 22. In the 
conclusion of the article, the authors emphasize the influence of the gas composition. In case of 
petroleum, the exhaust gases are more contaminated by sulfur. The sulfur content influences 
directly the acid dew point of the gas. In order to prevent corrosion in the heating surface, the 
temperature in the heat exchanger (and in the deaerator) should be kept above the dew point. 
Hence, in case of petroleum, the temperature in the deaerator is set at 160°C. In order to perform 
the efficiencies, the area of the heat exchanger is increased, leading to higher cost for the system 
and longer payback. 
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Figure 36 Flow diagram of the NG furnace waste heat power generation system (Design 
of a flat glass furnace waste heat power generation system, 2014) 
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4.2.5 Aluminum industry 

The aluminum production in the world is divided between two processes. The primary method 
called the Hall-Héroult process refines aluminum directly from bauxite. The process relies on an 
electrolysis of the bauxite and happens at 960°C. This method is particularly energy consumptive. 
A second option is to produce aluminum from the recycled aluminum. In that case, the scrap is 
preheated to remove any contaminant and sent to a furnace. This process requires six times less 
energy than the primary method (Nimbalkar, et al., 2014). 

 
In the US, one third of the aluminum melting furnaces already employ a waste heat recovery 
systems. For aluminum melting furnaces, there are five major existing techniques to recover heat. 
Those solutions are presented in the article (Nimbalkar, et al., 2014). 

 

Table 26 WHR Methods for the aluminum industry (Nimbalkar, et al., 2014) 

Method Technology Advantages Disadvantages 

Air preheating Conventional 
Recuperator 
Regenerative burner 

High degree of 
recovery 

 

Highest degree of 
recovery  

High maintenance 

 

High capital cost 

Charge preheating Flue gases preheat the 
material  

Reduces energy use High capital costs 

Scrap quality should 
be stable 

Improving heat 
transfer to the melt 

Use of oxy-fuel burner Enriched oxygen is 
used in combustion 
to improve heat 
transfer 

Cost 

Steam generation  Waste heat boiler Steam can be used 
for process heating 
or power generation  

Steam generation is 
only possible when 
the furnace is in 
operation.  
High capital costs 

 

All methods present the same main disadvantage of high costs. WHR systems for power 
generation can be proposed but no example has been found in the literature of such system and 
too few data are available to build a case to estimate the electric power capacity of an aluminum 
furnace.  
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4.2.6 Chemical - Petroleum 

According to the paper Feasibility assessment of refinery waste heat-to-power conversion using an organic 
Rankine cycle, the refineries are good candidates for waste heat since many processes involve 
cooling large volumes of continuous flows (Feasibility assessment of refinery waste heat-to-
power conversion using an organic Rankine cycle, 2014). The article provides the example of a 
kerosene cooling process in order to control the distillation temperature in a refinery in New 
Zealand. The kerosene flow is in between 105°C and 140°C at a pressure of 7,5 bar. The flow 
rate varies between 6000 and 7000 ton/day. 

The process is described in the schematic below:  

 

Figure 37 Simplified schematic of kerosene cooling process for controlling distribution 
column temperature at refinery NZ facility (Feasibility assessment of refinery waste heat-
to-power conversion using an organic Rankine cycle, 2014) 

At this low temperature range, only organic fluids have been considered for that study. The 
simulations were performed with different fluids, isobutane gave the best efficiency with 6,8 % 
and 250kW electric power.  

Moreover, considering the low thermal power available, some papers propose to gather several 
streams to supply one ORC. In the article (Organic Rankine Cycle for Waste Heat Recovery in a 
Refinery, 2016), the authors combine different waste heat stream to generate 3 MWel.  
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Figure 38 Configuration that use two sets of ORC to recover 6 waste heat streams 
(Organic Rankine Cycle for Waste Heat Recovery in a Refinery, 2016) 
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4.2.7 Conclusion 

The cement industry, the EAF and the glass furnaces are the three potential main sources where 
there are a lot of opportunities for power generation. In other industries, power generation might 
be possible in some cases, but researches have shown that other uses of the heat are possible and 
sometimes even cheaper. Considering the efficiency of power generation technology, any other 
method to recover heat would be more efficient than a power generation solution. The cement 
industry, the EAF and the glass industry been identified, it can be assumed that WHR systems 
would be implemented in the next years for the already installations. In the future, the current 
trend to reduce energy intensity to its minimum would lead to a drastic reduction of waste heat as 
exhaust gases and therefore of waste heat recovery systems. At this moment, the remaining 
sources of heat would be the cooling streams as presented in the section Chemicals-Petroleum.  

In regards of the section Technologies and Segments, the following table sums up the possible 
technology according the heat source nature.  

Table 27 Heat source classification and matching technology 

Heat source Temperature range Technology for PG 

 Liquid streams 50°C – 150°C ORC  

Flue gases 150°C – 800°C ST – ORC – Screw expanders 

Steam 100°C – 250°C ST – Screw expander 

Process gases and vapors 80°C -500°C ST - ORC 

 

The cement industry, the glass industry and the EAF are three segments that offer opportunities 
for WHR systems larger than 1 MWel. In many cement plants, WHR systems are already 
implemented. Considering the other methods for WHR in this industry, it can be assumed that 
most of the plants will adopt WHR systems. Except for cement plants with 5-6 stages preheater 
whose temperature are lower, the temperatures of  the exhaust gases are optimal to implement 
water-based cycles (Mohammadi Amin, 2016).   

For the EAF, the power generation solution represents only a small portion of the WHR 
methods implemented. For the glass industry, after optimization of the furnaces, the heat 
contained in the exhaust gases can be converted into electricity via ORC or water cycles between 
500kW and 1,5 MW.  

Finally, a method is proposed to estimate the potential of a waste heat source in function of its 
mass flow and temperature with a Rankine cycle.  

	 	 	 ∗ 1,1 ∗
1,3
3600

∗ Δ  

Equation 9 Electric Power Estimation 2 

	 	 ∗ 0,4 ∗  

130	°  

15°  
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Figure 39 Potential capacities from 500 kW to 10 MWel in function of flow parameters 

The electric power is then a function of exhaust gases temperature and mass flow rate. Here 
pictured are the most frequent cases from 300°C to 900°C.  
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4.3 Economic Environment 
The main barrier to the development of waste heat recovery systems is the payback time in most 
of projects. In the newspaper, Vietnamese cement producers are complaining about the excessive 
payback time. This can be explained by two factors:  

The equipment costs rise substantially when the size of the power plant decreases. For units less 
than 10 MWel, the average installed price can be from $1200/kW in China to $7000/kW for 
small units in Europe, whether the fluid used is water or ORC ( Indo-German Energy Forum, 
2013).  

The temperature exhaust gases sources are often below 400°C. The decrease in temperature is 
also limited at 130°C to avoid any condensation phenomenon in the stack. At this temperature, 
the efficiency of the Rankine cycle is lower anyway comparing to others cycles due to the Carnot 
efficiency. Since both water cycles and ORC are based on the Rankine cycles, they both are 
affected by this.  

The evaluation of the economic potential depends on the inlet parameters considered. The 
viability of a project is not only subjected to the price of the technology, but also the number of 
operating hours during the year, the electricity tariff and the possible incentives of the 
government. The notion of pay back, widely used in the industry, has been chosen to determine 
the economic viability of the projects. But others parameters, like the internal rate of return, can 
be investigated as well. 

4.3.1 Installations Costs 

Beyond the efficiency and the advantages of the technologies, the prices are a key factor to select 
a technology. There are many players involved in the development of a technology and projects 
are often developed individually. During this study, the prices of technologies have been gathered 
and sorted out in order to identify the trends and general statements in prices.  

 

 

Figure 40 Specific Investment Cost in function of the power (kW) 

 

0

1000

2000

3000

4000

5000

6000

7000

8000

0 5000 10000 15000 20000 25000

SI
C

 €
/

kW

Power (kW)

ORC

Water

Kalina

Power (ORC )

Power (Water)



68 
 

This figure reports the different costs for each technology, water cycles, ORC and Kalina cycles 
reported in the literature. The Organic Rankine Cycles are mainly units below 5000 kW. 
According to (A perspective on costs and cost estimation techniques for organic rankine cycle 
systems, 2015), there is still not much published information about the actual costs of ORC 
systems. Most projects are in the 2000 - 4000 €/kW range. This statement is confirmed by this 
chart however for very small units prices up to 6000€/kW. Those prices seem to rise either they 
are ORC or water cycles.  On the contrary, the water cycles are typically concentered above 5000 
kW where the products are well-know and available on the market. In the end, costs are 
sometimes reported to higher for an ORC (see the section Literature review-ORC) but an ORC is 
also more expensive because the units are generally smaller and it operates at lower temperature 
then lower efficiency. As a conclusion, the selection of technology does not seem to have a real 
impact on the costs. 

For the screw expander technology, no data were available for a WHR system. However, some 
prices are available for expansion valve applications. As an indication, screw expanders sold in 
the market with electrical switchgear cost about $900/kW for a 150 kW system to less than 
$200/kW for a 2,000 kW system. Installation costs vary, but typically average 75% of equipment 
costs (Replace Pressure-Reducing Valves with Backpressure Turbogenerators, 2012). Compared 
the costs for other technologies, it can be conclude that the screw expanders are a cost-effective 
solution.  

The installations costs induce the capital cost of the technologies, but also the cost of engineering 
and civil works for the installation of the technology. The next step of this work was establishing 
the cost breakdown of the installations costs for ORC and water technologies. The goal here is to 
target the costs, which can be reduced according to the location of the plant, the material used 
and the technical breakthroughs. 

The software Steam Pro, presented in the section Method, is able to provide a detailed list of costs 
for the designed power plants. This list has been used here to divide the cost between several 
sections to understand the cost configuration of a classic power plant:  

 

 

Figure 41 Cost breakdown for 10 MWel power plant 
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The software estimates the cost for 10 MW power plant is estimated to 2800€/kW. Working as a 
small power plant, from this list can be extracted the list of costs concerning the waste heat 
recovery technologies. Compared to those costs, it can be assumed that the cost of building and 
civil works can be minimized for a WHR project.  

The equipment cost breakdown –reporting as specialized equipment in the figure 41- for the 
steam Rankine cycle is the following:  

- Turbine, generator, electrical panel 

- Condenser, vacuum system, cooling system, make up water pump 

- Feed water pump, feed-water tank, deaerator 

- HRSG, blowdown system 

- Piping 

- Electrical and I&C material 

Concerning the ORC, the different parts of the cycle for the cost are:  

- Turbine, generator 

- Condenser, cooling system 

- Feed water pump, reservoir 

- Piping 

- Regenerator 

- HRSG 

- Electrical and I&C material 

- Thermal Oil and ORC fluid 

This part shows no real advantage for ORC neither for water cycles in terms of costs. The two 
cycles been rather similar in terms of components, no major difference is expected concerning 
the equipment cost. For the moment, the ORC development does not enable to make a clear 
distinction between ORC and water cycles.  

O&M Costs 

In the literature, the operation and maintenance costs are the costs related to the working of the 
installation. The maintenance of the moving parts of the system is reported to be the driver of 
those costs (Lo, 2016). The operating expenditure can be can be expressed in % of CAPEX costs 
or in $/kW installed. In practical, those costs are estimated between 1% and 3% of the CAPEX, 
or $43/kW for a subcritical coal power (Lo, 2016). 

4.3.2 Payback consideration 

The question of projects’ pay back in the industry is a burning issue for customers. The Vietnam 
Cement association reports the long back expected of the projects to be the cause of the fail to 
build waste heat recovery projects despite a request from the Vietnamese government (Global 
Cement, 2016).  
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The payback consideration developed here below is not a question of technology. For an 
industry, investments in a project in waste heat recovery are submitted to the cost of the 
technology and the pay back expected. Considering the project of power generation, the pay back 
is estimated by the following formula:  

Equation 10 Pay back calculation 

	 	
	 € 	 €

	 €
	 

(Source) The paper fixes the pay back objective at 5 years. Above that limit, the companies in the 
industry will be less attracted by a project. Fixed as the objective, the maximum price of the 
technology is here calculated in function of the price of electricity in a country and the number of 
the operating hours. The interest rate is fixed at 3%, the OPEX costs are estimated at 3% of the 
CAPEX costs (Plisson, 2016). In some cases, the costs can be as low as 1,25%, especially for 
ORC (International Finance Corporation, Institute for Industrial Productivity, 2014). Other 
regular costs corresponding to unexpected costs are 1%.  

The range considered here for the electricity price is between 5ct/kWh and 12ct/kWh, 
corresponding with the actual tariff of electricity in the world. The price index given by the IEA 
is in appendix 2.  

Table 28 Minimum technology cost (ct€/kWh) to reach the pay back target 

 

The table establishes the minimum technology cost to develop a project with a payback below 5 
years. In green, the prices are in the range of the current prices and in red, the prices are far from 
the current prices. With an electricity price above 11 ct€/kWh, the current prices enable a 
payback below 5 years. Below that limit, the adoption of the project will depend on the number 
of operating hours. At 7 ct€/kWh and 7000 hours per year, the players should propose a 
technology with a cost below 2300€/kW. Compared to the actual cost of technology around 
2800€/kW, that corresponds to a decrease of 17%.  

A second method consists in estimating the pay back of the system in function of the specific 
cost of the technology. In the table below, the objective has been fixed at 2000€/kW, 
corresponding to the minimum cost found for ORC technology in the literature. This table 
shows that from an electricity tariff at 9ct/kWh at this price the projects begin to be profitable 
for the plant.  

  

 Electricity tariff (ct €/kWh) 
# Operating hours 5 6 7 8 9 10 11 12 

5000 1179 1415 1651 1887 2123 2358 2594 2830 
6000 1415 1698 1981 2264 2547 2830 3113 3396 
7000 1651 1981 2311 2642 2972 3302 3632 3962 
8000 1887 2264 2642 3019 3396 3774 4151 4528 
8500 2005 2406 2807 3208 3608 4009 4410 4811 
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Table 29 Pay back estimation (in years) with a fixed cost of technology 

 Electricity tariff (ct €/kWh) 
# Operating hours 5 6 7 8 9 10 11 12 
5000 10,8 8,6 7,1 6,1 5,3 4,7 4,2 3,8 
6000 8,6 6,9 5,7 4,9 4,3 3,8 3,4 3,1 
7000 7,1 5,7 4,8 4,1 3,6 3,2 2,9 2,6 
8000 6,1 4,9 4,1 3,6 3,1 2,8 2,5 2,3 
8500 5,6 4,6 3,9 3,3 2,9 2,6 2,4 2,1 

 

In green, the payback estimated is under the 5-years limit. In red, the payback would not meet the 
requirements of the industry. When a unit operates 7000 hours per year and the electricity tariff is 
7ct€/kWh, a WHR system of 2000€/kW would offer a payback of 4,8 years. That result could 
enable the development of WHR systems in the industry. 

4.3.3 Players 

Numbers of players have emerged to develop WHR systems since 2000. Besides major players of 
the industry, many smaller companies can provide WHR technologies. The table below provides 
an overview of some companies in function of the technology they propose.  

Table 30 Industrial players proposing WHR systems 

Players Power Range (kW) Technology 

Turboden 500 – 10 000 ORC  

Tri-o-gen 160 ORC 

Electratherm 50 ORC, screw expander 

ORMAT 200 – 72 000 ORC 

ENERTIME  ORC 

Opcon  ORC 

Adoratec 315 – 1 600  ORC 

ORCAN  ORC 

Infinity Turbine 250 ORC 

Sinoma, China 10 MW Water cycles 

Kawasaki, Japan 10 MW Water cycles 

Heliex Power 500 Screw expander 

AMPOWER  Screw expander 

Alphabet energy 5 TEG 

Micropelt energy 5 TEG 

Exencotech  PCM 
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Cryostar 1 MW- 15 MW ORC 

GMK, Germany  ORC 

Ecogen  ORC 

Koehler-Ziegler, Germany  ORC 

Ergion, Germany  ORC 

WSK, Germany  ORC 

Energetix 1 kW ORC 

Barber Nichols 500kW – 2 MW ORC 

 

At least 15 ORC manufacturers are present on the ORC market for the moment. Among them, 
the website reports ORMAT, Exergy and Turboden to be the most successful in terms of 
installed capacity. The success of ORMAT (65,7% of the installed capacity in January 2016) is 
particularly based on the development of geothermal applications. From a global point of view, 
the entrance of new players on the market could create job opportunities in the energy sector, but 
also make the prices of the technologies go down. The industries could benefit from a stronger 
competition between the players.  

4.3.4 Drivers and Barriers 

This section presents the other drivers and barriers to the development of WHR. Payback 
consideration is not the only issue and several factors hamper today the development of WHR 
projects in the industry. 

The lack of data on waste heat streams is the main issue in the debate.  In particular, the absence 
of real measurements from industrial players affects their decision to develop solutions to recover 

Figure 42 Breakdown of ORC installed capacity by suppliers (Tartière, 2015) 



73 
 

the heat. The lack of technology awareness in the long affects the decision as well. Concerning 
ORC, TEG or screw expanders, the effects of utilization on the technologies are not well known 
and there is little awareness of those among industrial players. There are also not many cases of 
the water cycle at small scale. In addition, large numbers of auxiliary components are necessary 
for a small unit: hardware, piping systems, valves.  

From a financial point view, the access of capital, the decision-making mechanisms and real or 
perceived increased operational risks are all the factors that hamper the possible investments of 
industry for WHR projects (The potential for recovering and using surplus heat from the 
industry, 2014).  

However, a standardization of the small projects may result in a decrease of the technologies cost 
in the future. There are many opportunities at low-temperature range and the development of 
standardized cycles for those opportunities could drive the cost down for the suppliers. 

Finally, current policies of government and potential subsidies could influence positively the 
investments for a WHR system. Subsidies on technologies can push the development of WHR 
projects when paybacks are longer than the industry’s expectations. Some countries have already 
begun to push the induction of WHR projects by introducing new policies.  

Table 31 Policies and mechanisms to support WHR projects (Eisenhauer, et al., 2012) 

Country Policy 

Canada Depreciation of WHR accelerated by 50% 

Program ERSOP in Ontario: feed-in tariff of 0,07€/kWh for the electricity produced 
from waste heart, for projects selected through calls for tenders 

USA Project to amend the federal lay in order to alloy 30% tax credit on WHR projects 

California: investment aid of 0,8€/W, up to 3 MW 

Australia Large manufacturers are forced to put in place energy efficiency measures and public 
reporting 

Investment aid through the EEO program and CTIP program, up to 30% of the 
investment 

Japan Accelerated depreciation and soft loans 

Investment aid up to 50% 

Italy Extension of the scope of white certificate to include WHR : one certificate worth 
0,06€/kWh 

Norway Investment aid up to 20% and deduction tax exemption on the electricity produced 
and self-used 

 

The recent introduction of those policies shows the increasing interest of developed countries in 
WHR projects and the development of new technologies.  

A major driver in the future could also be a decrease in prices for technologies. The entrance of 
new players in the market and the development of new technologies could impact directly the 
cost of the systems available and favor the development of WHR projects.  
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5 Discussion 

5.1 Discussion 
Throughout this study, there were a lot of discussions about the advantages and disadvantages of 
ORC in regards of water cycles. This study reports that in terms of efficiency, ORC has a slight 
advantage at low-temperature. However, this is always possible to find some cases where an ORC 
has a better efficiency than a water-based cycle even at medium or high temperature. There are 
plenty of possibilities for the organic Rankine cycles and the comparison has indeed been 
conducted with standardized configurations and standardized fluids and does not take into 
account any customized solution. The development of such cycles in the future could lead to that 
possibility. Nevertheless, the improvements in terms of efficiency are limited so far by the 
temperature and the Carnot efficiency. That means for an industry’s point of view, the power 
output of the potential installations will be rather similar either it is an ORC or a water-based 
cycle.  

Other industries can be considered to implement waste heat recovery systems. Some of them 
have been excluded from this study and are more detailed in the section Limitations. Concerning 
the case study, they have been developed for plant of average size according to the literature and 
some plants will inevitably be able to recover more heat or conversely, will not be able to offer 
any opportunity for WHR systems.  

Finally, the cost of technologies is today relatively high considering the industries’ expectations 
for those kinds of projects. As long as the policies do not explicitly force the installations of 
WHR systems or the improvements in energy efficiency, the WHR projects of small size and 
low-temperature would be compromised. Nevertheless, there is a lot of work that can be done to 
decrease the cost of technology and enable a large development of WHR projects. Subsidies can 
be proposed and further research can be conducted to understand the cost structure.  

5.2 Limitations 
This study has been limited to main industries offering the best opportunities for WHR systems. 
However,, if the focus is on the market development of one technology, other segment should be 
carefully considered. In particular, the exhaust of gas turbines and diesel engines (known as 
combined cycles in most cases) is probably the best opportunities for ORC development in waste 
heat recovery.  

Mentioned earlier in the ORC market section, the Gas Compression Stations have been excluded 
from the scope of this study because of the definition of waste heat. However, there are many 
solutions developed to recover energy from the compression of the gas. The paper Heat recovery 
from export gas compression: Analyzing power cycles with detailed heat exchanger models analyzed three 
systems to recover the energy -a subcritical propane cycle, a trans-critical CO2 and a trans-critical 
with a mixture of propane and ethane are proposed- and reports that 10% of the compression 
work can be recovered.  
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Figure 43 Heat recovery layout for a compression station (Heat recovery from export gas 
compression: Analyzing power cycles with detailed heat exchanger models) 

The geothermal applications were also excluded from this study because of the waste heat 
definition. However, geothermal applications should be mentioned when considering ORC 
future development. It is hence a well-proven technology that has been in commercial use since 
the beginning of the 1980s (Thermal-Economic Modularization of Small, Organic Rankine Cycle 
Power Plants for Mid-Enthalpy Geothermal Fields, 2014). The expansion of geothermal sources 
exploitation, especially in rural areas, is very promising for ORC technologies.  

In addition, the pulp and Paper can represent a significant potential industry for WHR 
technology. Pulp and paper mill is an energy-intensive process but there have been slow 
improvements in energy efficiency over the past twenty years (Energy efficiency in the German 
pulp and paper industry – A model-based assessment of saving potentials, 2012). The use of 
waste heat is widespread in the paper industry. According to the same article, 70% of the German 
paper mills already use waste heat from paper machine to heat the supply air, and 40% to preheat 
water. Most of cases include combined heat and power solutions. There are two main sources of 
waste heat in this industry. The major source is the flue gas or liquid streams at low to medium 
temperature, coming from the stack of the black liquor recovery boiler. The flue gas temperature 
should be maintained above 160 °C to avoid corrosion in the electrostatic precipitator. The 
average mass flow rate is around 100 kg.s-1  . A minor source could also be the steam as high 
grade heat (Waste heat recovery for power generation using organic rankine cycle in a pulp and 
paper mill, 2014). 

Finally, the steam distribution systems presented in many industries could have a good potential 
for waste heat recovery. This technique has been detailed in the Screw Expander section. In the 
same manner as the flue gases coming from the GT exhaust, the energy recoverable from the 
steam expansion has not been identified as heat source. This system has thus not been dealt in 
that thesis but, especially for screw expander, this system could be interesting. Here below, there 
is an example of a steam distribution system with a pressure reduction valve.  
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Figure 44 Schematic Presentation of a Steam Production and Distribution System (Steam 
systems in industry: Energy use and energy efficiency improvement potentials, 2001) 

For that case, the opportunity is not in the size of the installation, usually smaller than 1 MWel 
but in their numbers. Many industries use such systems and could benefit from the installation of 
a screw expander. The table below sorts the industries out by their steam use.   

 

Figure 45 Steam Use by Industry Sector (Steam systems in industry: Energy use and 
energy efficiency improvement potentials, 2001) 

There are four industries that could offer a lot of opportunities for a screw expander technology: 
the food and kindred products, the paper and allied products, the petroleum and coal products 
and the chemical industry.  
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To conclude this part concerning the limitations, this study has been highly limited by the prices 
uncertainties concerning the technologies. Market strategies, strong competition and new market 
entrants make the prices estimations and identified hard to analyze and comment.  

5.3 Recommendations for future research 
´The costs related to the ORC and other new technologies are rather uncertain. There have been 
some attempts to develop costs estimations methods but despite those, that is still difficult to 
understand and how do the costs behave regarding the power range. Some additional research on 
the subject could be done to analyze the cost breakdown for some technologies and to propose 
more accurate cost engineering techniques. The final aim should be to reduce the cost in order to 
be able to propose solutions that are competitive.  

The article (Model-based design and validation of waste heat recovery systems, 2012) considers 
the TEG solutions can be the future of the WHR technologies if their costs of production are 
competitive. However, their development is quite recent and further investigation for TEG could 
help to better understand that technology and the role it can play in the WHR market. Study 
cases should be especially encouraged.  

As mentioned previously, the PCM and other technologies firstly reserved to thermal storage 
solutions should be considered as WHR solutions as well. The interest for thermal storage has 
pushed the development of technologies in that sense and those technologies can also represent 
an opportunity for waste heat recovery system.  
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6 Conclusion 
The paper aims to increase awareness of potential use of waste heat recovery in industries for 
power generation.  

As far as the technologies are concerned, the classification by temperature gives an overview of 
the technologies available.  ORC has a better efficiency for exhaust gases whose temperature is 
below 310°C whereas water cycles have a better efficiency for temperatures sources above 350°C.  
Between those two limits, the performances of the two cycles are similar. There is no major 
difference between the two technologies. They are both base on the Rankine cycle so they use 
the same components, only the fluid differs.  On that point, the type of technology does seem to 
have less impact than the size of the installation. However, organic fluid cycles have properties 
that could encourage their selection, like smaller size of equipment, better efficiency during off-
design operations or no make-up water supply. In particular, arid zone where water is a scarce 
resource should privilege that solution.  

This study also presents different segments where WHR systems are proposed. In a short term, 
cement, EAF and glass are the sectors that offer the best opportunities for power generation.  
However, power generation is often the first proposed solution because the pay back and 
potential benefit are easy to calculate but definitely not the optimal and the most efficient 
solution. In a long term view, future big systems of power generation tend to disappear with the 
optimization of process. In this end, there will be opportunities to develop waste heat recovery 
system for non-continuous flows and low temperature streams coming for instance from cooling 
processes. ORC in that case present some advantages due to its design flexibility that allows low-
temperature range, smaller units and off-design operation.  

Finally, considering the progress of technologies in the past years, the economic environment is 
the real challenge to develop a WHR market. Technologies are indeed available but often too 
expensive or not sufficiently well-known by the industrial payers. This study shows that the prices 
can be uncertain and unstable. In addition, electricity prices are for the moment too high 
compared to the specific cost investment of the technologies to enable massive investments in 
those systems. In that context, subsidies from national governments or organizations can be a 
crucial option to push the development. Nevertheless, the expecting rising prices of energy in the 
future will anyway provide more opportunities for WHR systems.   



79 
 

References 
Development and test of a Stirling engine driven by waste gases for the micro-CHP system. Li, Tie, et al. 2011. s.l. : 
Applied Thermal Engineering, 2011. 1359-4311 . 

Indo-German Energy Forum. 2013. Market Potential Study for ORC Technology in India. 2013. 

A perspective on costs and cost estimation techniques for organic rankine cycle systems. Lemmens, Sanne. 2015. 
Brussels : 3rd International Seminar on ORC Power Systems, 2015. 

BCS, Incorporated . 2008. Waste Heat Recovery - Technology and Opportunities in U.S. Industry. s.l. : U.S 
Department of Energy , 2008. 

Benefits of Thermoelectric Technology for the Automobile. Stabler, Francis. 2011. s.l. : General Motors & Future 
Tech LLC, 2011. 

Bottoming cycles for electric energy generation: Parametric investigation of available and innovative solutions for the 
exploitation of low and medium temperature heat sources. Bianchi, M. and De Pascale, A. 2011. 5, s.l. : Applied 
Energy, 2011, Vol. 88. 0306-2619. 

Clean Development Mechanism. 2006. Hon Chong Waste Heat Recovery Poewr Plant. s.l. : Project Design 
Document Form, 2006. 

COGEN. 2016. Waste Heat Recovery. COGEN - Microsystems. [Online] COGEN, 2016. 
http://www.cogenmicro.com/index.php?select=166. 

Cool Energy. 2016. Waste Heat Recovery. Cool Energy. [Online] Cool Energy, 2016. 
http://coolenergy.com/waste-heat-recovery/. 

Cunningham, Paul. 2009. Waste Heat/Cogen Opportunities in the Cement Industry. Cogeneration and 
Competitive Power Journal. 2009. 

Department of Energy & Climate Change - UK. 2016. International industrial energy prices. UK 
Government. [Online] 2016. https://www.gov.uk/government/statistical-data-sets/international-industrial-
energy-prices. 

Design of a flat glass furnace waste heat power generation system. Li, Zhiwei, et al. 2014. s.l. : Applied Thermal 
Engineering, 2014, Vol. 63. 1359-4311. 

Doe Fundamentals handbook. 1992. Thermodynamics, heat transfer, and fluid flow. 1992. 

ECCJ. 2016. Waste Heat Recovery for EAF. JP Steel Plantech Co. [Online] Japanese Business Alliance for 
Smart Energy Worldwide, 2016. http://www.jase-w.eccj.or.jp/technologies/index.html. 

Echogen. 2015. Echogen Power Systems. [Online] Echogen Power Systems, LLC, 2015. 
http://www.echogen.com/our-solution/product-series/. 

Economic performances optimization of an organic Rankine cycle system with lower global warming potential working fluids 
in geothermal application. Yang, Min-Hsiung and Yeh, Rong-Hua. 2016. 0960-1481, s.l. : Renewable 
Energy, 2016, Vol. 85. 

Eisenhauer, Samantha and Pasquiou, Valentin. 2012. Waste Heat Recovery for power generation. Paris : 
ADEME, 2012. 

Electricity generation from low-temperature industrial excess heat—an opportunity for the steel industry. Johansson, 
Maria and Söderström, Mats. 2014. s.l. : Energy Efficiency, 2014, Vol. 7. 1570-646X. 

Elson, Amelia, Tidball, Rick and Hampson, Anne. 2015. Waste Heat to Power Market Assessment. s.l. : 
Oak Ridge National Laboratory, 2015. 

Energetic and economic investigation of Organic Rankine Cycle applications. Schuster, A., et al. 2009. 1, s.l. : 
Applied Thermal Engineering, 2009, Vol. 29. 1359-4311. 



80 
 

Energetic and exergetic analysis of waste heat recovery systems in the cement industry . S. Karellas, A-D Leontaritis, 
G. Panousis, E. Bellos, E. Kakaras. 2013. 2013. 

Energy and exergy analysis of an organic Rankine for power generation from waste heat recovery in steel industry. Kaşka, 
Önder. 2014. s.l. : Conversion and Management, 2014, Vol. 77. 0196-8904. 

—. Kaşka, Önder. 2014. s.l. : Energy Conversion and Management, 2014, Vol. 77. 0196-8904. 

Energy efficiency in the German pulp and paper industry – A model-based assessment of saving potentials. Fleiter, 
Tobias, et al. 2012. s.l. : Energy, 2012, Vol. 40. 0360-5442. 

Energy Intensive Industry list per sector. Rossetti, N. 2010. 2010. 

Evaluating the potential of process sites for waste heat recovery. Oluleye, Gbemi, et al. 2016. s.l. : Applied Energy, 
2016, Vol. 161. 0306-2619. 

Exergy analyses and parametric optimizations for different cogeneration power plants in cement industry. Wang, 
Jiangfeng, Dai, Yiping and Gao, Lin. 2009. s.l. : Applied Energy, 2009, Vol. 86. 0306-2619. 

Factors influencing the economics of the Kalina power cycle and situations of superior performance. Valdimarsson, Pr. 
Pall and Eliasson, Larus. 2003. Reykjavík : International Geothermal Conference, 2003. 

Feasibility assessment of refinery waste heat-to-power conversion using an organic Rankine cycle. Jung, H.C., 
Krumdieck, Susan and Vranjes, Tony. 2014. s.l. : Energy Conversion and Managemen, 2014, Vol. 77. 
0196-8904. 

Gemma Allen, Antoine Schmitt, Charlie Walker. 2015. Industrial Water Technology Markets 2015. 
Oxford : Media Analytics Ltd, 2015. 

Global Cement. 2012. Kalina Cycle power systems in waste heat recovery applications. Global Cement. 
[Online] August 2012. http://www.globalcement.com/magazine/articles/721-kalina-cycle-power-
systems-in-waste-heat-recovery-applications. 

—. 2016. Vietnam cement companies fail to build waste heat recovery systems. Global Cement. [Online] 
Global Cement website, March 04, 2016. http://www.globalcement.com/news/item/4681-vietnam-
cement-companies-fail-to-build-waste-heat-recovery-systems. 

Heat recovery for electricity generation. Forni, et al. 2012. s.l. : Summer Study on Energy Efficiency in Industry, 
2012. 

Heat recovery from export gas compression: Analyzing power cycles with detailed heat exchanger models. Rohde, Daniel, 
et al. s.l. : Applied Thermal Engineering, Vol. 60. 1359-4311. 

Heliex Power Ltd. 2015. [Online] Heliex Power Ltd, 2015. http://www.heliexpower.com/. 

Hough, Shane. 2009. Supercritical Rankine Cycle. 2009. 

Hynes, Tony. 2014. Low Carbon Heat International Showcase. B2B Matchmaking. [Online] 2014. 
https://www.b2match.eu/low-carbon-heat-showcase-2014/pages/5631-showcase-presentations. 

Ian K. Smith, Nikola Stosic, Ahmed Kovacevic. 2014. Power Recovery from Low Grade Hea by Means of 
Screw Expanders. s.l. : Elvesier Science & Technology, 2014. 

2011. Improvement of coke. Course 50. [Online] The Japan Iron and Steel Federation, 2011. 
http://www.jisf.or.jp/course50/tecnology03/index_en.html. 

Industrial waste heat potential in Germany—a bottom-up. Brueckner, Sarah, Arbter, Rene and Pehnt, Martin. 
Springer Science+Business Media. Dordrecht : 2016, Springer Science+Business Media. 

Integrated thermoelectric and organic Rankine cycles for micro-CHP system. Qiu, K. and Hayden, A.C.S. 2012. s.l. : 
Applied Energy, 2012, Vol. 97. 0306-2619. 



81 
 

International Finance Corporation, Institute for Industrial Productivity. 2014. Waste Heat Recovery for 
the Cement Sector. 2014. 

Kawasaki Plant Systems, Ltd. 2011. Waste Heat Recovery Power Plant in Cement Plants. 2011. 

Lo, Chris. 2016. Power plant O&M: how does the industry stack up on cost? Power Technology. [Online] 
Power Technology, 2016. http://www.power-technology.com/features/featurepower-plant-om-how-
does-the-industry-stack-up-on-cost-4417756/. 

Low grade thermal energy sources and uses from the process industry in the UK. Ammar, Yasmine, et al. 2012. s.l. : 
Applied Energy, 2012, Vol. 89. 0306-2619. 

Lu, Hongyou. 2015. Analysis of waste heat potential in chinese industry and policy options for waste heat to power 
generation. s.l. : Eernest Orlando Lawrence - Berkeley National Laboratory, 2015. 

Model-based design and validation of waste heat recovery systems. Felgner, F., Exel, L. and Frey, G. 2012. s.l. : 
IEEE International Energy Conference and Exhibition, 2012. 978-1-4673-1453-4. 

Mohammadi Amin, Ashjari Muhammad Ali , Sadreddini Amirhassan. 2016. Exergy analysis and 
optimisation of waste heat recovery systems for cement plants. International Journal of Sustainable Energy. 
2016. 

National Research Council. 1998. Separation Technologies for the Industries of the Future. 1998. 978-0-309-
06377-7. 

NETL. WATER USAGE IN COAL TO POWER APPLICATIONS. National Energy Technology 
Laboratory. [Online] U.S Department of Energy. https://www.netl.doe.gov/research/coal/energy-
systems/gasification/gasifipedia/water-usage. 

Nimbalkar, Sachin U., et al. 2014. Technologies and Materials for Recovering Waste Heat in Harsh Environments. 
s.l. : OAK RIDGE NATIONAL LABORATORY, 2014. 

ODYSSEE-MURE project. 2015. Energy Efficiency Trends and Policies in Industry. s.l. : Intelligent Energy 
Europe , 2015. 

ORC waste heat recovery in European energy intensive industries: Energy and GHG savings. Campana, F., et al. 
2013. 2013. 

Organic Rankine Cycle for Waste Heat Recovery in a Refinery. Chen, Cheng-Liang, Li, Po-Yi and Le, Si 
Nguyen Tien. 2016. 12, s.l. : Industrial & Engineering Chemistry Research, 2016, Vol. 55. 0888-5885. 

Organic Rankine Cycle Power Systems: From the Concept to Current Technology, Applications, and an Outlook to the 
Future. Colonna, Piero, et al. 2015. s.l. : Journal of Engineering for Gas Turbines and Power, 2015. 

Plisson, Pauline. 2016. Waste heat recovery: technologically and economically. s.l. : Fives, 2016. 

Preliminary design of optimal combined cycle poewr plants through evolutionary algorithms . Bonataki, Eleni T. and 
Giannakoglou, K.C. 2005. s.l. : EUROGEN, 2005. 

Replace Pressure-Reducing Valves with Backpressure Turbogenerators. 2012. s.l. : U.S Department of Energy, 2012. 

Review of supercritical CO2 power cycle technology and current status of research and development. Ahn, Yoonhan, et al. 
2015. s.l. : Nuclear Engineering and Technology, 2015, Vol. 47. 17385733. 

Saunders, Amy. 2015. The cement industries of southeast Asia. Global Cement. [Online] Global Cement, 
April 14, 2015. http://www.globalcement.com/magazine/articles/922-the-cement-industries-of-
southeast-asia. 

Steam systems in industry: Energy use and energy efficiency improvement potentials. Einstein, Dan, Worrell, Ernst 
and Khrushch, Marta Environmental Protection Agency. 2001. s.l. : Summer Study on Energy 
Efficiency in Industry, 2001. 



82 
 

Steam Turbine Versus Pressure Reducing Valve Operation. Harrell, Greg and Jendrucko, Richard. 2003. s.l. : 
Cogeneration and Competitive Power Journal, 2003. 

Study on waste heat recovery from exhaust smoke in cogeneration system using woody biomass fuels. Hoshi, Akira, et al. 
2012. 2012, Vol. 41. 1099-2871. 

Supercritical CO2 Power Cycle Developments and Commercialization: Why sCO2. Persichilli, Michael, et al. 2012. 
New Delhi : Power-Gen India & Central Asia, 2012. 

Tartière, Thomas. 2015. ORC World Map. [Online] 2015. http://orc-world-map.org/index.html. 

Techno-economic survey of Organic Rankine Cycle (ORC) systems. Quoilin, Sylvain, et al. 2013. s.l. : Renewable 
and Sustainable Energy Reviews, 2013, Vol. 22. 1364-0321. 

Techno-economic survey of Organic Rankine Cycle systems. Quoilin, Sylvain, et al. 2013. 2013. 

Technological and Economical Survey of Organic Rankine Cycle Systems. Quoilin, Sylvain and Lemort, Vincent. 
2009. Vilamoura : European Conference on Economics and Management of Energy in Industry, 2009. 

Terblanche, Ulrich. 2012. Effective Use of Excess Heat in a Cement plant. Stockholm : KTH , 2012. 

The Co2 Transcritical Power Cycle For Low Grade Heat Recovery-Discussion On Temperature Profiles In System Heat 
Exchangers. Chen, Yang and Lundqvist, Per. 2012. s.l. : ASME Press , 2012. 978-0-7918-4459-5 . 

The potential for recovering and using surplus heat from the industry. Element Energy. 2014. 2014. 

Thermal-Economic Modularization of Small, Organic Rankine Cycle Power Plants for Mid-Enthalpy Geothermal Fields. 
Nusiaputra, Yodha Y., Wiemer, Hans-Joachim and Kuhn, Dietmar. 2014. s.l. : Energies, 2014, Vol. 
7. 1996-1073. 

Thermoelectric Generators (TEG). Sabeer, Jiyadh K. 2015. s.l. : Seminar IEE, 2015. 

United Nations. 2014. The Paris Agreement. United Nations - Framework Convention on Climate Change. 
[Online] UN, 2014. http://unfccc.int/paris_agreement/items/9485.php. 

Waste heat recovery for power generation using organic rankine cycle in a pulp and paper mill. Francis, Ahiwe 
Chinwendu and Chungpaibulpatana, Supachart. 2014. s.l. : International Conference and Utility 
Exhibition on Green Energy for Sustainable Development, 2014. 978-1-4799-2628-2. 

Williams, Christopher Lloyd. 2015. A Waste Heat Recovery Strategy for an Integrated Steelworks. 2015. 

  



83 
 

Appendix 1 

6.1 Steam Pro configurations 
Parameter Model1 

Black box 
Model 2 

Conventional 
power plant 

Model 3 

Conventional 
power plant 

Model 4 

Conventional 
power plant 

Net Electric 
Power 

5,6 MWel 9,5 MWel 65,6 MWel 332 MWel 

Efficiency 30,7% 29,5 % 34% 39% 

High Pressure  46 bar 55,1 bar 90 bar 182 bar 

Low Pressure 0,05 bar 0,05 bar 0,06 bar 0,07 bar 

Turbine Inlet 
Temperature 

382°C 400°C 512°C 541°C 

Mass Flow 7,5 kg/s 

 

12,5 kg/s 73 kg/s 292 kg/s 

Price  Not available $3056/kW $2610/kW $2000/kW 

 

Model 1 : Black Box Steam Generator – 5 MWel 

- 1 Turbine configuration 
- 1 Preheater 
- Mechanical cooling 
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Model 2 : Conventional fuel Power Plant - 10 MWel 

- One turbine configuration 
- 2 preheaters 
- Fabric Filter at the exit of the boiler 

 

Model 3 : Conventional fuel power plant – 70 MWel 

- One turbine configuration 
- 3 Preheaters 
- Fabric Filter at the exit of the boiler 
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Model 3 : Conventional fuel power plant – 350 MWel 

- 4-turbines configuration 
- 7 Preheaters 
- Mechanical cooling 
- Electronic Filter 
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6.2 Industrial electricity prices in the IEA 
(Department of Energy & Climate Change - UK, 2016) 

 

 
                

Pence 
per 

kWh(1) 

Electricity 

Excluding taxes  Including taxes(2) 

2005 2010 2013 2014 2015   2010 2013 2014 2015 

EU 15 

Austria 4,24  7,25  7,15  6,22    5,09  8,86  9,04  8,20  7,11 
Belgium ..   7,17  6,86  6,44    5,73  8,06  8,21  7,77  7,00 
Denmark 4,39  6,75  6,74  6,14    5,57  7,41  7,66  6,18  5,61 
Finland 3,56  5,92  6,23  5,78    5,02  6,14  6,83  6,34  5,53 
France 2,43  6,18  6,61  6,06    5,59  6,92  8,07  7,64  7,21 
Germany(3) 4,62  6,82  6,59  5,64r 5,05r 8,79  10,84  10,63r 9,49r 
Greece(3) 3,69  6,37  7,41  7,03  6,00r 7,37  9,09  8,66  6,89r 
Ireland 5,47  8,88  11,10  10,10  8,66r 8,88  11,10  10,10  8,66r 
Italy 7,52  12,89  13,14  11,96    9,84  16,71  20,60  19,89  17,23 
Luxembourg ..   6,87  6,46  5,46    4,08  7,44  6,83  6,00  4,70 
Netherlands(3) ..   6,58  6,29  5,79  4,83r 7,52  7,22  7,16  5,79r 
Portugal 5,39  7,79  9,65  9,38    8,25  7,79  9,74  9,46  8,33 
Spain 4,36  8,12  +  +  + 8,54  +  +  +  
Sweden ..   6,19  5,74  4,92    3,81  6,23  5,79  4,96  3,85 
UK 4,56  7,57  8,65  9,13  9,12r   7,84  8,89  9,38  9,36r 

Rest of IEA 
Australia ..   ..   ..   ..   ..   ..   ..   ..   ..   
Canada 2,71  4,33  5,81  4,84r 4,37r 4,73  6,17  5,18r 4,95r 
Czech Republic 4,43  9,22  9,43  7,37    6,31  9,32  9,53  7,46  6,39 
Hungary 5,21  8,40  7,96  6,86  5,88r 8,59  8,49  7,48  6,52r 
Japan 6,23  9,24  10,90  10,43    9,61  9,52  11,15  10,65  9,81 
Korea ..   ..   ..   ..   ..   3,66  -   -   - 
New Zealand 3,38  4,64  6,08r 6,07r - 4,64  6,08r 6,07r - 
Norway 1,91  3,82  3,52  2,65    1,85  3,82  3,52  2,65  1,85 
Poland 3,51  7,36  6,60  5,68    5,52  7,79  7,01  6,07  5,87 
Slovakia 6,08  10,95  11,46  9,52    8,46  10,95  11,58  9,63  8,56 
Switzerland 4,43  6,99  8,17  7,42    7,26  7,27  8,48  7,81  8,01 
Turkey 4,77  7,96  7,64  6,47    5,97  8,28  7,95  6,73  6,21 

USA(4) 3,00  4,19  4,17  4,11  -   4,40  4,38  4,31r 4,51r 

IEA median 4,41  7,08  7,01  6,33  5,66  7,79  8,21  7,48  6,52  

UK relative to: 

IEA median%  +3,3  +7,0  +23,4  +44,2  +61,0 +0,7 +8,3 +25,3 +43,6 

IEA rank 14  17  19  21  24    16  17  21  24  

G7 rank 4  5  5  5  5    4  4  4  4  

 

 


