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Preface

The idea for this book originated long ago in discussions with Professors David A. 

Frank-Kamenetsky, John O’M. Bockris, and Gustav Lorentzen.

The present text is compiled from the papers published since 1991, alone or with 

colleagues including Professors J. A. McGovern, J. W. Gorski, M. K. Shokotov, and 

N. N. Akinfiev. I am very thankful to all of them for the permission to integrate and 

use these works. The papers are listed in the references.

At the beginning of the twenty-first century, it is possible to speak realistically 

about electric power production burning fossil fuel without pollution, by using devel-

opments in materials, combustion technologies, cooling techniques, and creative 

cycle concepts. Alternative approaches to the production of power using fossil fuels 

without pollution have been proposed in the United States and Europe, and these 

proposals are being continually improved. This volume describes and evaluates 

some existing alternative approaches for the potential benefit of students, industry 

members, and regulators. This work does not deal in detail with the so-called renew-

able technologies, such as photovoltaics (solar cells), wind turbines, tidal motion 

systems, or geothermal systems, because these systems do not employ fossil fuel for 

combustion as a means of generating electricity. In this work, the focus is on fossil-

fuelled, nonpolluting power generation systems. Numerous alternative technologies 

are emerging and we seek here to explain these technologies and their relative merits. 

The topics and technologies described in this work are continually advancing, but 

the basic concepts and operational characteristics of the systems described are not 

expected to change significantly in the coming years. We believe the time is right 

to record and describe some of the new emerging technologies. The G-8 meeting of 

world leaders set a goal of “50% till 2050” to reduce emissions (with a multi-trillion 

dollar funding). It makes for great business with the building of hundreds of zero emis-

sions power plants.

Note: in the book, Chapters 3 and 6 have been written with Jan Gorski, and 

Chapter 7 and Section 9.3 were written with Mykola Shokotov.

I wish to thank leading researchers of Clean Energy Systems, Inc., Dr. R. Anderson, 

and Dr. S. Doyle for their help in editing the first two chapters of the book and for the 

moral support of the book publishers.

E. Yantovsky
Aachen, Germany
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1

1 Controversial Future

1.1 INTRODUCTION AND FORECAST

Energy policy is full of controversies. Some people believe that fossil fuels will soon 

run out and contend that we need to think more about nuclear and renewable energy 

sources (solar, wind, geothermal, tidal) especially in view of perceived global warming. 

Greenhouse warming is caused by the greenhouse effect of the Earth’s atmosphere. Some 

contend that warming is caused by the emission of combustion products from power 

plants and motor vehicles. Other people, including the authors of this book, believe that 

enough fossil fuels (gas and coal) are available to last at least for this century, that nuclear 

power is dangerous, and the German government’s decision to eventually shut down all 

the German nuclear reactors may be a precedent for other countries. Renewables are 

beneficial alternative energy sources but only for the next century. Because of their high 

cost, renewables cannot dominate the energy supply for this century.

The world energy balance for 2030, as forecast by the International Energy Agency 

(IEA) and shown in Figure 1.1, illustrates the expected trends in energy supplies.

The IEA forecast anticipates the nuclear share to significantly decrease, while the 

share for renewables remains the same, and the share for fossil fuels is projected to 

increase by 2%, from 80% in 2002 to 82% in 2030.

The projected increase in the percentage of energy being provided by hydrocar-

bon fuels is important in view of the irreconcilable controversy between “peakists” 

and “non-peakists.” The former are certain that the world soon will run out of oil and 

some years later, run out of gas, which will lead to serious economic problems, pos-

sibly escalating to wars over oil. The crucial point is that there will be a peak of oil 

production with a gradual decline afterward. Graphs of production versus time are 

depicted by a bell-shaped curve.

Specialized groups of “peakists” actively promote their views in the public media 

and on numerous Internet sites (e.g., www.energy-bulletin.net, and www.lifeafter-

theoilcrash.net). Their opponents, “non-peakists,” contend that a peak in oil production 

due to dwindling resources has been forecasted many times, and all of the forecasts 

were wrong. The oil resources are finite in principle but still rather large. Natural gas, 

mainly methane, is chemically much simpler than oil and, according to the abiogenic 

theory of gas origination, it might be produced naturally in the Earth’s depths. The 

discovery of seas of liquid methane on cold planets adds credence to that theory. The 

most radical “non-peakists” refer to the “peakists” as “professional pessimists.”

The world’s largest oil company, Exxon Mobil, concluded on their website (www.

exxonmobil.com) that, “With abundant oil resources still available — and industry,

governments and consumers doing their share — peak production is nowhere in sight.”
Considering the forecast of the IEA, the most authoritative international body 

in the energy field, the authors believe hydrocarbon fuels, including coal, will be 
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2 Zero Emissions Power Cycles

the dominant fuels in the 21st century. This means the primary impediment to their 

continued use is atmospheric pollution, which is a real cause for concern. This book 

shows alternative ways to prevent such pollution.

The reality of global warming now seems to be beyond controversy. It definitely 

exists. Not only precise measurements but also anecdotal evidence, such as the melt-

ing of polar ice and other climatic events, reveal the global temperature is increasing. 

It is now clear that there is a problem. Controversy remains over the appropriate 

response and the solution to the problem. This controversy generates two questions: 

(1) who is responsible, and (2) what should be done?

The most authoritative evaluation to date of the first question has been done by 

the United Nations’ Intergovernmental Panel of Climate Change (IPCC), organized 

jointly by the World Meteorological Organization (WMO) and the United Nations 

Environment Program (UNEP). In its most recent report, the IPCC stated that cli-

matic changes seen around the world are “very likely” to have a human contribution. 

By “very likely,” the IPCC means greater than 90% probability.

At the launch of its Fourth Assessment reports, the IPCC chairman, Dr. Rajendra 

Pachauri stated the following: “If one considers the extent to which human activities 

are influencing the climate system, the options for mitigating greenhouse gas emis-

sions appear in a different light, because one can see what the costs of inaction are.”

The accuracy of IPCC forecasts is evident. The IPCC 2001 report forecast a temper-

ature increase in 5 years as 0.15 to 0.35°C. The actual measured change was 0.33°C, 

FIGURE 1.1 Forecast of the International Energy Agency published in 2004 on the world 

energy balance in 2030. (Data from World Energy Outlook, 2004.)
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Controversial Future 3

very near to the top of IPCC range. The world energy demand as forecast in the 2006 

IEA report and shown in Figure 1.2 offers the same forecast as in Figure 1.1.

The authors believe that the domination of fossil fuels as an energy source is 

beyond dispute and will persist for decades. This presents a real problem considering 

the gradually increasing share of energy that oil and gas are anticipated to provide.

Historically, world generation of electrical energy and the forecast through 2030 

are even more significant. The history and forecast are presented in Figure 1.3.

FIGURE 1.2 World primary energy demand by fuel in the reference scenario. (Source: World 

Energy Outlook 2006, International Energy Agency, OECD/IEA, 2006.)
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FIGURE 1.3 Historic and projected world electrical power generation by region. (Source:

History: International Energy Annual 2004, Energy Information Administration (EIA), 

May–July 2006, (www.eia.doe.gov/iea); (Projections: System for the Analysis of Global 

Energy Markets, Energy Information Administration (EIA), 2007.)

B
il

li
o

n
 K

il
o
w

at
th

o
u

rs
 

History 

OECD

Non-OECD

Projections

1980 1995 2004 2015 2030

20,000

15,000

10,000

5,000

0

87916_Book.indb   3 3/26/09   12:17:22 PM



© 2009 by Taylor & Francis Group, LLC

4 Zero Emissions Power Cycles

From Figure 1.3, it is evident that significant growth is expected in the Organisation 

for Economic Co-operation and Development (OECD) sector and the growth in the 

non–OECD sector is even more pronounced. China and India play major roles in the 

latter sector.

1.2 REASONS FOR CLIMATE CHANGE

The possibility of global warming due to increasing concentrations of carbon dioxide 

in the atmosphere was forecast by Joseph Fourier in 1827 and, in more detail, by 

Svante Arrhenius in 1896. M. I. Budyko, in 1970, gave a description of the phenom-

enon, using all available geophysical information. Many controversies have appeared, 

pointing out not only warming, but also cooling effects in the atmosphere. Recent data 

have confirmed the excess of warming as measured in radiative forcing (i.e., positive 

and negative energy currents expressed in watts per square meter) and the skyrocket-

ing increases in the concentration of greenhouse gases (CO2, ppm, CH4, ppb, and N2O, 

ppb) in the atmosphere which are major forcing factors. The radiative forcing currents 

and the concentrations of greenhouse gases are shown in Figure 1.4.

“Positive forcing” means warming, whereas “negative forcing” represents cooling. 

From Figure 1.4, it can be seen that in ancient time, before human impact, positive and 

negative forces were almost equal with the possibility of cooling (ice ages). In recent 

times, the concentrations of greenhouse gases have skyrocketed, producing strong 

positive radiative forcing.

The authors thus conclude that there is incontestable evidence that global warm-

ing is occurring. Qualified international cadres of experts also believe that there is 

a significant human contribution to the problem, that it is essential for humanity to 

address this issue, and reasonable and effective ways to minimize human contribu-

tions to global warming must be found.

FIGURE 1.4 Overview of radiative forcing factors and the concentration of greenhouse gases in 

the atmosphere (Sci. Am. 8/2007, 67. With permission of the artist, Deaniela Naomi Molnar).
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Controversial Future 5

1.3 CONTROVERSIAL STATEMENTS

In an e-mailed statement, Claude Mandil, the executive director of the Paris-based 

agency, which advises 26 consuming nations, stated, “Under-investment in new 

energy supply is a real risk. The energy future we are facing today is dirty, insecure, 

and expensive.” (Nov. 7, 2006).

The IEA stated in its Annual World Energy Outlook that governments and com-

panies are expected to spend $20 trillion on power generation in the next 25 years, 

and there is “no guarantee” it will succeed.  More than half of the total will be needed 

for emerging countries, where both demand and supply are rising the fastest. It is 

estimated that China alone will need to spend $3.7 trillion on energy between 2005 

and 2030.

Forty years ago, the combustion of organic fuels without emissions into the atmo-

sphere was proposed. In 1967, Degtiarev and Grabovski (see Figure 2.2) published 

schematics showing a method to capture carbon dioxide in an ordinary power unit for 

its subsequent use as a raw material in industry. In 1977, Marchetti proposed captur-

ing carbon dioxide from fuel-fired power plants and sequestering it deep in the ocean 

or underground, thus protecting the atmosphere (see Marchetti, 1979).

Since these early proposals, the idea has been gradually expanded as well as 

demonstrated. The most recent indicative event was the 6th Annual Conference of 

Carbon Capture and Sequestration held in May 2007, in Pittsburgh, PA, U.S.A., dur-

ing which many real and developing Carbon Capture and Sequestration (CCS) proj-

ects were explored.

To evaluate the scale of anticipated business growth, a recent report by the 

Massachusetts Institute of Technology (MIT) mentioned in Power Engineering 
International No. 5 (2007):

CO2 capture and sequestration (CCS) is the critical enabling technology that would 

reduce carbon emissions significantly, while also allowing coal to meet the world’s 

pressing energy needs . With CCS more coal is used in 2050 than today  A major 

contribution to global emissions reduction for 2050 is the reduction in CO2 emissions 

from coal to half or less of today’s level.

The MIT report calls for a successful large-scale demonstration of the technical, 

economic, and environmental performance of the technologies that make up all the 

major components of an integrated CCS system.

The figures forecast by MIT for annual coal use (in EJ  1018J) and CO2 emissions 

(in Gt  109 ton) are shown in Table 1.1.

Assuming that the forecast coal use with expanded nuclear and CCS in the U.S.A. 

in 2050 is used for power generation only, the 25 EJ of energy would produce 1000 

GW of thermal power or about 500 GW of electrical power. This means that in 

40 years, approximately 500 big coal-fired plants (1000 MWe each) or about 12 per 

year, would need to be built in the U.S.A. Assuming coal-fired power plant capi-

tal costs to be approximately $2000 per kWe, the total required investment is about 

$1000 billion. To accomplish such a multibillion dollar business, accumulation of 

investments for this purpose need to be amassed immediately.
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Unfortunately, CCS technology is still ignored at high political levels in some 

places. The Environmental Committee of the European Union, in its 3rd Report on 

Climate Change, was against new coal-fired power plants in Germany. This might 

affect the policy of “Atomausstieg,” meaning to step away from atomic power. The 

best course for a coal-rich Germany would appear to be the earliest possible imple-

mentation of coal-fired CCS (zero emissions) power plants. The results of testing 

a 30-MWth pilot-scale zero emission power plant in 2008 at Schwarze Pumpe by 

Vattenfall will be critically important as a demonstration of coal-fired zero emission 

technology in Germany.

In general, the policy of the European Union seems to be appropriate, as seen in 

the organization of a Technology Platform FP7 with the statement:

In line with the proposed priority for “Near Zero Emission Power Generation” in FP7, 

the initial scope of the Platform aims at identifying and removing the obstacles to the 

creation of highly efficient power plants with near-zero emissions, which will drasti-

cally reduce the environmental impact of fossil fuel use, particularly coal. This will 

include CO2 capture and storage, as well as clean conversion technologies leading to 

substantial improvements in plant efficiency, reliability, and costs.

In the U.S.A., the world’s first CCS power plant of 5 MWe was put into operation 

in March 2005 by Clean Energy Systems, Inc. In addition, many new CCS projects 

have been presented and described at the 5th and 6th Annual Conferences on Carbon 

Capture and Sequestration in the U.S.A. (2006, 2007).

The aim of this book is to help all the people involved in the emerging clean fossil-

fuel power industry. It is also intended to inform energy engineering students about the 

technology relevant to their future jobs to create and operate low- to zero emissions 

power generating plants, making the energy future clean, secure, and inexpensive.

In anticipation of the planned nuclear generating capacity reductions, the crucial 

question facing the European power generation industry today is: what type of power 

plants will be put into place in the future to fill the impending power vacuum?

TABLE 1.1
MIT Forecast of Annual Coal Use and CO2 Emissions Assuming Several 
Different Energy Development Paths

Business as Usual Limited Nuclear Expanded Nuclear

2000 2050 With CCS Without With CCS Without

Coal Use Global 100 448 161 116 121 178

U.S.A. 24 58 40 28 25 13

China 27 88 39 24 31 17

CO2 Emissions Global 24 62 28 32 26 29

From Coal 9 32 5 9 3 6

Source: Katzer, J. et al., 2007.
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1.4 UNAVOIDED CARBON CAPTURE AT ZEPP
(ZERO EMISSION POWER PLANT)

Continued expansion of clean, renewable energy (wind, hydro, solar, wave, tidal 

motion, etc.) must be sustained. Photovoltaics are presently struggling to compete. 

Wind power is looking more promising and is growing fast with claims that the spe-

cific costs are declining. The main problem with renewables, however, is the very 

low primary energy current density presently associated with such technologies (i.e., 

too much land area is required to produce reasonable quantities of power). Land 

area is scarce in many places, especially in densely populated Europe. Renewables, 

even taken together, cannot meet the growing energy demands of industrial society. 

One promising approach, based on photosynthesis, is described in Chapter 8. The 

large figures for the installed capacity of wind farms should be read with caution. 

The availability rating of a wind farm is inferior to that of a fossil-fuel-fired power 

plant. When we compare the installed capacity of a fossil-fuel-fired power plant to 

that of a wind-powered plant, the quantity of annually produced electricity from 

wind is typically one fourth that produced from a fossil fuel plant of the same nomi-

nal power.

An example of the wrong application of very useful social energy is shown in 

Figure 1.5. It is a large placard by Greenpeace, one of many similar placards, at a 

demonstration on December 12, 2007, against a new coal-fired power plant near 

FIGURE 1.5 Placard at a demonstration against a new coal-fired power plant in Neurath, 

Germany “Brown Coal Is Poison for the Climate.” Note the opposite meaning of the word 

“Gift” in German and English. (Photo by author on Dec. 12, 2007 in Neurath, Germany.)
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Neurath, Germany. There were some posters with even stronger wordings than “Coal 

is a Climate Killer.” In Germany, where coal is the main energy resource, such pro-

nouncements are very naïve. Actually, coal is not the killer, but rather the killer is the 

exhaust gases we call “emissions.” The correct posters would read: “Emissions Kill 

the Climate.” Before this, such declarations were not seen in the mass media or in 

public demonstrations.

Fossil-fuel-fired power plants produce energy at power densities typically about 

100 times greater than renewable energy technologies. This simply means that fossil-

fueled plants need much less land to produce the same amount of power. The mass 

media generally tend to lay the blame for anthropogenic pollution on the usage of 

fossil fuels. One often hears an appeal for a widespread ban on fossil fuel use. This

appeal is totally misguided.

Fossil fuels themselves do not cause pollution. It is the way in which they are 

burned that is the problem. The desire by so many for a carbon-free energy supply 

is understandable, but it is not realistic in the short term. There may be carbon-free 

energy supplies in quantity in the distant future. The reality is that, over the next 

many decades, fossil fuels will dominate the energy mix (see Figures 1.1 and 1.2).

Fossil fuels are more affordable, more widely available, and more flexible than 

any other energy resource, and their economic advantages are not likely to change 

in this century.

The projected world energy development presented in Figure 1.1 and Figure 1.2 is 

not sustainable in view of current CO2 emission stabilization objectives. The Kyoto 

protocol calls for the release of greenhouse gases within the EU needs to be reduced 

by 8% in 2012 with respect to 1990 levels. Even radical improvements in energy effi-

ciency and the development and commercialization of numerous renewable energy 

technologies will not constitute adequate options to meet the stated CO2 stabilization 

objectives. The ever-widening gap that is emerging with time between CO2 stabiliza-

tion requirements and the projected increase in fossil fuel usage can only be filled by 

new, carbon capture zero emissions, fossil-fuel-based technologies as clearly shown 

by the MIT forecast in Table 1.1. Bringing zero emissions, fossil-fuel-flexible, and 

highly efficient power generation technologies into commercial use is a critical task 

for the 21st century. In fact, the authors firmly believe that the urgent development of 

such technologies is the single most important issue related to fossil fuel use today.

In recent programs of leading energy supply and development institutions like the 

Department of Energy (DOE) in the U.S.A. (“Vision 21”), the zero emission power 

plant (ZEPP) concept has achieved top priority. Even so, there exists in the U.S.A., 

a sharp, irreconcilable controversy on the scale and cause of global warming and 

many doubt whether a large-scale investment in ZEPP technology is justified. There 

has been strong opposition to the implementation of such technology, which is not 

compatible with the MIT forecast.

The authors take the following position. Irrespective of global warming consider-

ations, the ZEPP technology is needed to guarantee a basic human right — the right 

to breathe clean air. If we live on a river, nobody can make us drink dirty water, which 

is being polluted by a landlord upstream. The polluting landlord would be obliged to 

stop polluting the river. Why then, should we be forced to breathe dirty air, air pol-

luted by power plants, boiler houses, cars, buses, and trains? The only realistic and 
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viable solution is apparent: a concerted technological, environmental, and political 

will to facilitate and promote implementation of ZEPP technology.

ZEPP technology will:

Provide affordable, clean power to meet expanding energy demand

Solve critical environmental problems (eliminating carbon dioxide and 

pollutant emissions) 

Address energy security issues by supporting the use of diverse fossil fuels, 

including integrated coal gasification and pulverized coal combustion

Ease the economic cost of sustainable energy supplies primarily by the use 

of cogenerated carbon dioxide for enhanced oil and gas recovery

Among the many schemes being developed for ZEPPs, one of the most promising 

is the combustion of gaseous fossil fuels in oxygen, moderated by recirculation of 

carbon dioxide, steam, or water. The combustion products drive turbines to produce 

power followed by heat recuperation and collection of carbon dioxide from the pro-

cess in a liquid or supercritical state at high pressure. Recent achievements in oxygen 

separation with dense ceramic membrane technology are showing progress in this 

regard.

Every ZEPP produces electric power and, as a byproduct, a large quantity of car-

bon dioxide. The pressurized CO2 may be sequestered deep underground or used 

for enhanced oil recovery, especially in largely depleted fields. The incremental oil 

production might be as high as 20% of the original oil in place. Recovery of coal bed 

methane from unmineable coal fields is of interest in a number of locations. Europe 

has large quantities of unmineable coal. Practical demonstrations of coal bed meth-

ane recovery by carbon dioxide injection have been made recently in Canada, the 

U.S.A., and Poland (by a joint European research group). To put the possibilities in 

perspective, an evaluation of world reserves of recoverable coal bed methane by U.S. 

geologist V. Kuuskraa, produced an estimate at 150 Gtoe (about 40 times the global 

annual oil production). German geologist D. Juch estimates the reserves of coal bed 

methane in the coal-rich Ruhr district as 0.4 Gtoe, about the total of oil reserves in 

Europe.

The fuel most easily utilized in ZEPPs is natural gas. It is relatively abundant but 

is also more costly than coal per unit of heat. The International Gas Union, at their 

June 2000 Congress, estimated that even a small part of known gas reserves would 

be sufficient for 200 years of global supply at current consumption rates. Some sup-

port for such optimistic views is provided by information related to the origin of 

hydrocarbon fuels.

1.5 THE ORIGIN OF HYDROCARBON FUELS

The known supplies of coal are vast but, in some scenarios, the amount of natural 

gas might be even greater. There is controversy among geologists about the quantity 

of available natural gas but observations of gas at depth, and in the form of hydrates, 

support the more optimistic gas reserves.
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Natural gas consists mainly of methane. Methane can also be produced as biogas, 

typically from organic waste. Recent evidence suggests that much more methane 

exists than was previously suspected. Many authors have discussed the availabil-

ity of methane hydrates, in which methane is “stored” inside a complex molecular 

structure. These hydrates could become an important source of methane in years to 

come. Deep gas pools also hold much unused methane. Expectations for exploration, 

development, and use depend upon the actual processes from which hydrocarbons 

originate.

The biogenic theory postulates that hydrocarbons originated from remains of for-

mer living matter. Such hydrocarbons would be located in sedimentary layers, not 

too deep under the Earth’s surface. Such views have been popular up to now, espe-

cially in the West.

The abiogenic theory, first introduced by D. Mendeleev, postulates the produc-

tion of hydrocarbon fuels by inorganic processes. In Mendeleev’s 1877 paper, “On 

the Origin of Oil — The Petroleum Industry in Pennsylvania and in the Caucasus,” 

(translated from Russian by N. Makarova) he stated:

We can’t suppose petroleum origin from ancient organism we need to look for petro-

leum origin deeper in Earth crust than in the places where petroleum was discovered .

carbon metals exist inside of Earth  Iron and other metals with oxygen of water will 

produce oxides and hydrogen will be freed — partly as free hydrogen and partly with 

carbon  this is petroleum.

N. Koudriavtsev (1959, 1963) significantly developed this theory and E. Tchekaliuk 

(1967) offered a thermodynamic background for oil formation.

The best known recent advocate of abiogenic theory, Thomas Gold, discussed the 

production of hydrocarbon fuels simultaneously with other substances in the depths 

of Earth. Gold’s view led him to predict rivers and seas of methane on the surface 

of cold planets where organic life never existed. Gold passed away in July 2004, 

6 months before the European Space Agency’s probe Huygens landed on Saturn’s 

largest moon, the cold Titan (about −180°C), and produced photos of the rivers and 

seas of methane Gold had predicted. As we see in Figure 1.6, shot from an altitude of 

8 km, and Figures 1.7 and 1.8, made after landing on January 14, 2005, the quanti-

ties of methane are astonishing. The distance from Titan to Earth is about 1.5 light-

hours.

Starting from his essay “Rethinking the Origin of Oil and Gas” in The Wall Street 
Journal (June 8, 1977), Gold (1987, 1999) transformed his popular and techni-

cal papers into two books. His central ideas can be expressed in a few sentences. 

According to Gold, our planet is like a sponge, filled by primordial hydrocarbons. 

They were formed together with the other substances of the deep Earth about 

4 billion years ago. Due to their much lower density than the surrounding porous 

rocks, an upwelling of hydrocarbons, mainly methane, takes place from a depth of 

hundreds of kilometers. This permanent seepage from below fills the known pools 

of oil and gas, and some eventually escapes into the atmosphere. Hydrocarbons lose 

hydrogen along the way from initial CH4 finally to CH0.8 (coal), and even in some 
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places and conditions to form pure carbon as diamond. In Gold’s view, there is good 

reason to consider hydrocarbon fuels as an almost unlimited source of energy.

Gold gave strong arguments supporting his views, using his outstanding erudition 

in astrophysics, chemistry, and biology.

FIGURE 1.7 Endless sea of methane photographed from Titan’s surface by probe Huygens, 

January 14, 2005. (Source: ESA.)

FIGURE 1.6 Rivers and sea of methane on the surface of Saturn’s moon Titan seen from an 

altitude of 8 km. (Source: the European Space Agency (ESA)).
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Some facts are impossible to explain by the biogenic theory:

Methane rivers now observed on the surface of cold planetary bodies like 

Titan, where a possibility of organic life never existed.

Tremendous methane outflow accompanying volcanic eruptions, together 

with hot lava.

Refilling of depleted oil reservoirs, registered in many places, for instance 

near Eugene Island in the Gulf of Mexico (The Wall Street Journal, April 

16, 1999). 

The main argument of biogenic theory proponents is the existence in crude oil of 

some molecules that indisputably came from living matter because they manifest a 

chiral effect (strong rotation of polarized light). The presence of biogenic molecules 

is actually an important part of the abiogenic concept as well, but it turns the old logic 

upside down. It is not that bacteria produced the hydrocarbons, but that the primor-

dial hydrocarbon “soup” provided food for bacteria. The total mass of the organic 

matter in these microbes is estimated to be hundreds of thousands of gigatons, much 

more than the organic mass of the surface biota.

Indeed, reasons exist to consider deep underground layers as the more probable 

place for the origin of life. Perhaps, ten planetary bodies in our solar system could 

produce suitable subsurface abodes for the same kind of life as we have within Earth. 

Any rocky planetary body at least as big as our moon might be expected to offer the 

requisite subsurface conditions of heat and upwelling hydrocarbons. An instrument 

placed on the moon by an Apollo mission detected gas particles of atomic mass 16, 

which could be methane. Panspermia (transfer of life) between planets of a planetary 

system would be a possibility, as a Martian meteorite suggests.

The triumph, not always recognized, of the abiogenic theory was the drilling 

experiment in the Siljan Ring in Sweden. Microbes were found at a depth of 6 km, 

living on oil and getting oxygen by reducing Fe2O3 to Fe3O4, thus leaving behind tiny 

FIGURE 1.8 A lake of liquid methane surrounded by mountains of solid ice on Titan. 

(Source: Huygens probe, ESA.)
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particles of magnetite (a fraction of a micron in size) as the product of metabolism. 

Gold also observed that the liquid formed by these particles within the extracted oil 

sample had magnetic properties.

In addition to the drilling experiment in Sweden, a deeper one on the Kola 

Peninsula in Russia indicated, in complete accord with Gold’s predictions, that at a 

depth of about 10 kilometers, the fractured rocks were filled with highly compressed 

methane. Former life could not have reached such a depth and produced such a large 

quantity of methane.

Some tectonic movements might be connected with upwelling of methane and 

accompanying gases such as hydrogen sulphide, which are in turn connected with 

earthquakes. An increase of surface gas emissions before earthquakes is often sensi-

tively detected by rats and other animals, which manifest unusual behavior prior to 

earthquakes. Such behavior is documented by numerous earthquake eyewitnesses.

Abiogenic theory also offers an explanation of the formation of metal deposits in 

the deep Earth. Reaction of upwelling hydrocarbons also produces organo-metallic 

compounds along the way.

Gold (1987) respectfully acknowledges his predecessors in abiogenic theory, in 

particular the Russian and Ukrainian scientists, Mendeleev, Koudriavtsev, Tchekaliuk, 

and Kropotkin. Kropotkin provided Gold much geological information.

Liquid methane cannot exist on Earth’s surface due to its temperature but, at the 

high pressure in the upper mantle of the Earth, methane could exist in a supercritical 

state. One of the last arguments of biogenic advocates is that it is possible to find 

abiogenic methane or other hydrocarbons in the Earth’s crust, but the quantity is 

rather small, and consequently, not commercially useful. From photographic images, 

we can see a very large quantity of methane exists on Titan, but it is not realistically 

useful for Earth because Titan is 1.5 light-hours away. The large quantities of meth-

ane seen in volcanic eruptions, as methane hydrates, or deep drill cores in the Kola 

Peninsula, are still not commercially available either. Exploration for large quanti-

ties does not violate mass conservation or other physical laws. Substantial quantities 

of methane exist on Earth. In the authors’ view, the challenge is for technology to 

locate, recover, and use it.

Evidence that methane can be produced by inorganic processes has been shown 

experimentally by Scott et al. (2004), who formed methane from FeO, calcite 

(CaCO3), and water at pressures between 5 and 11 GPa and temperatures ranging 

from 500 to 1500°C. Other relevant data come from work under hydrothermal condi-

tions (Horita and Berndt, 1999). These experiments, backed by calculation, demon-

strate that hydrocarbons may be formed in the upper mantle of Earth and confirm the 

general view formulated in a book by Korotaev et al. (1996), where P. N. Kropotkin 

compiled substantial data on abiogenic methane.

If sources of methane abound, the main restrictions on its use are pollution of 

the atmosphere by exhaust gases and the amount of oxygen available for combus-

tion in the atmosphere. High-temperature, high-pressure ZEPPs offer the possibility 

of using currently available methane stores efficiently without pollution. Oxygen 

depletion of the atmosphere is unlikely to be a problem in the current century. The 

total mass of oxygen in the atmosphere is about 1015 tons, while the current annual 
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consumption of oxygen is only about three 1011 tons. Any problems caused by this 

0.03% annual usage of oxygen have yet to become apparent. We may expect that 

when, or if, a decrease in oxygen levels ever becomes apparent, solar, nuclear, or 

other alternatives will dominate as sources of primary energy.

1.6 THERMODYNAMICS OF A REACTION WITH METHANE
FORMATION OF CO2 AND FAYALITE

An example of methane origination in the Earth’s crust in a man made technology is 

calculated below. It might be a hint to previously mentioned natural methane origina-

tion according to abiogenic theory.

Consider the simplified chemistry of carbon reactions, Equation (1.1) in a ZEPP 

(above the line) and in an artificial geochemical reactor deep underground (below 

the line)

CH + 2O CO + 2H O + Power

CH + 4Fe O + 6SiO

4 2 2 2

4 3 4 2
CO + 2H O + 6Fe SiO

2 2 2 4

(1.1)

The four arrows show a closed cycle of carbon. Carbon plays the role of an energy 
carrier from fayalite to methane and then to the power plant. At realistic conditions 

of temperature and pressure, some hundreds of degrees Celsius and some hundreds 

of bar, the reaction is exothermic and may be self-sustaining.

Below are reproduced calculations by Akinfiev et al. (2005) on formation of 

methane by a reaction of carbon dioxide with fayalite, an abundant mineral (see 

Wooley, 1987). Fayalite becomes a fuel, with methane being the energy carrier. 
Viewed in this way, methane is a renewable energy source, as theorized by Yantovsky 

(1999). Table 1.2 shows the properties of the reactants.

For the reaction

6 6Fe SiO 2H O CO g 4Fe O SiO CH g
2 4 2 2 3 4 2 4

( ) ( ) (1.2)

properties of both liquid (l) and gaseous H2O(g) were calculated using Hill’s (1990) 

equation of state. At the temperature 250 C and pressure 200 bars, we have

4 1,053,163) 6 868,58250 C/200 barrG ( ( 22) 95,370) 6 1,424,175)( (

                            ( ) (2 257,755 445,257) 13,6977 J (1.3)

, , ,50 C/200 barr H2
4 1 078 057 6 898 10( ) ( 00 65 345 6 1 446 764) ( ) ( )

               

, , ,

             ( ) ( )2 268 156 383 990 165 2, , , 887 J (1.4)

The last value means that the reaction is exothermic.
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The decimal logarithm of the thermodynamic constant of reaction for Equation 

(1.2) is

lg lg
.

K
f

f

G

RTa
rCH

CO

4

2
2 303

13 697

2.. . .
.

303 8 314 523 15
1 37 (1.5)

Use of the Redlich-Kwong equation of state shows that the fugacity coefficients of the 

gases are close to one ( CO2
 0.87, CH4

 1.01 at the T and P specified). This means

log 1.37 log
CH CO4 2

K P Pa ( / ), (1.6)

P

P
CH

CO

4

2

23 3. (1.7)

The last value brings the conversion factor of CO2 into CH4 close to 96%.

We are unaware of experiments on the interaction of fayalite and carbon dioxide. 

However, the Albany Research Center (O’Connor et al., 2000) extensively examined 

a similar reaction in an autoclave with comminuted (37–106 micrometers) forsterite 

Mg2SiO4. Chemical energy of the forsterite is 256.8 kJ/mole. The reaction products 

are magnesite MgCO3 and silica or silicic acid. The pressure was 117 to 127 Atm 

and temperature 185 to 188°C. Test times spanned 3 to 48 hours. A large increase 

of the reaction rate was observed when carbon dioxide was in a supercritical state. 

Similar experiments with comminuted fayalite might shed light on the kinetics and 

applicability of reaction (1.2) for production of methane.

Several recent diverse observations and experiments favor abiogenic theory and 

the possibility of finding deep in Earth what we see on the surface of Titan. Moreover, 

calculations show that the reaction between fayalite and CO2 is exothermic and might 

be self-sustaining. A valuable next step would be experimental demonstration of the 

reaction of comminuted fayalite with carbon dioxide and water at conditions such as 

those mentioned above. Better fuels than fayalite might even be discovered.

TABLE 1.2
Properties of Selected Reactants

Substance
Enthalpy  
h, J/mole

Gibbs Free Energy  
g, J/mole

Fayalite 1,446,764 1,424,175

H2O 268,156 257,755

CO2(g) 383,990 44,5257

Magnetite 1,078,057 1,053,163

Quartz 898,100 868,582

CH4(g) 65,345 95,370

Source: Johnson, J.W. et al., 1992.
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The search for methane in Earth and resolution of its origins deserve more research 

efforts than ever before. Quite recently, a big discharge of deep methane has been 

registered in the Barentz Sea and East Siberian Sea. From the point of global warm-

ing, it is a dangerous event, as methane is a greenhouse gas. But it manifests the 

existence of deep gas in accordance with Gold’s theory. In any case, we should pay 

tribute to Thomas Gold for his forecasts.

1.7 EMERGING TASK — THE SEQUESTRATION

Along with searching for fuel in depth is emerging the other task for geologists: find-

ing the appropriate place to sequester the products of the fuel combustion. This prob-

lem has been discussed at many international meetings over the last two decades. 

Now almost unanimous agreement of geologists is that sequestration of carbon diox-

ide (with dissolved contaminants) in the depth of more than 800 m is quite possible. 

Figure 1.9 illustrates the biggest such enterprise, created in Norway. Up until now, 

there appeared to be no hint on the escape of injected gas.
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2 Cycles Review

2.1 CARBON CAPTURE METHODS

We realize there are many different readers of this book. Some are not interested in 

details and only wish to know which cycles exist and their main features. For these 

readers the following is a short history and the state-of-the-art. Later, the main fea-

tures in our review are discussed in detail.

Fossil fuels are well understood by the power industry, and are still relatively 

cheap and abundant. There is at least as much oil still available in the world as has 

been burned since the industrial revolution, and far more methane available than has 

so far been consumed. For good or bad, fossil fuels will remain an integral part of 

the energy production mix for many decades to come. Unfortunately, combustion of 

these fuels produces carbon dioxide, the main contributor to global warming.

Zero emission power plants (ZEPPs) offer a method of producing energy from 

fossil fuels without emitting carbon dioxide. These plants could replace decommis-

sioned power plants, including nuclear plants.

There are many technologies utilizing zero emissions combustion of fossil fuels, 

not all of which involve power production. The interested reader is referred to the 

Zero Emission Technologies for Fossil Fuels: Technology Status Report, published 

by the International Energy Agency (IEA, 2002).

ZEPPs must follow the law of conservation of mass. Every atom of fuel or oxi-

dizer entering a plant must leave as ash, emission, or effluent. In the ZEPP, all the 

combustion products are converted to liquid form. In short, the problem of zero 

emissions translates into the conversion of gaseous emissions into liquid effluents.

Many methods of carbon capture attempt to clean the exhaust gases after combus-

tion by using absorption or adsorption, or to extract carbon from the fuel. All of these 

attempts lead to large mass exchangers. Some produce impure streams of carbon 

dioxide and none remove all of the carbon dioxide from the exhaust. In short, these 

are not zero emissions power plants, and as such are beyond the scope of this book. 

The only true zero emissions form of combustion in existence today is precombus-

tion gas separation. This procedure is combustion of fuel using oxygen instead of 

air, usually diluted with either CO2 or water vapor. This produces an exhaust stream 

containing only carbon dioxide and water vapor, which are easily separated by con-

densing out the water vapor. The pure carbon dioxide stream is then compressed 

and condensed to produce a manageable effluent of liquid CO2, which can be sold or 

sequestered. This approach is often called oxyfiring or oxyfuel. Figure 2.1 shows a 

schematic of the various methods of carbon capture. Oxyfiring is the left downward 

branch in the picture.

The demand for CO2 in world industry was evaluated as 1.6% of the CO2 released 

to the atmosphere by power plants (Pechtl, 1991). This implies that if zero emissions 
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power generation was to be implemented on a global scale, the sequestration of CO2

would be unavoidable.

The phrase zero emissions can be challenged for two reasons. First, some cycles 

convert the liquid water back to water vapor and emit it into the atmosphere. In this 

case, the cycle is not strictly zero emissions; however, the water vapor is not a pol-

lutant or greenhouse gas. Second, some cycles intend for the carbon dioxide to be 

of high purity, requiring removal of contaminants. Some carbon dioxide will prob-

ably escape with these contaminants. If the carbon dioxide is destined for storage, 

however, it does not require a high purity, and the contaminants can be stored along 

with the carbon dioxide. The authors acknowledge that there may be some cases in 

this chapter in which the phrase zero emissions is not strictly accurate. All values 

given in this chapter are taken from the referenced papers and are subject to the var-

ied assumptions and, in some cases, mistakes in those papers. They were calculated 

using different assumptions, models, and boundary conditions. This chapter is only a 

history of zero emissions cycles, not a comparative evaluation of the different cycles. 

FIGURE 2.1 The various methods of carbon capture (Leithner, 2005).
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Therefore, the values given here, particularly the efficiencies, should be considered 

accordingly.

The compression of the carbon dioxide reduces the efficiency of the plant, but 

the reduction may be acceptable given the damaging effects of carbon dioxide 

emissions. Production of oxygen further reduces the efficiency. The most mature 

method of oxygen production is cryogenics, an energy intensive process involv-

ing freezing air. Ion transport membranes offer a much more efficient method of 

producing oxygen, with the result that many ZEPP cycles incorporate these mem-

branes. This chapter also presents the history and current state of the art of these 

cycles.

2.2 EARLY ATTEMPTS

To our knowledge, the first mention of a zero emissions power unit was documented 

by Degtiarev and Gribovsky (1967) (Figure 2.2). This system integrates air separa-

tion, power generation, combustion of a gas in a mixture of CO2 and oxygen, and 

FIGURE 2.2 Reproduction of the schematics of Degtiarev and Gribovsky (1967). Outline 

of carbon dioxide zero emissions power plant by V.L. Degtiarev and V.P. Gribovsky of July 

28, 1967: 1-oxygen plant (ASU), 2-carbon dioxide power plant, 3-rectifier, 4-air compressor, 

5-oxygen compressor, 6-air cooler, 7-compressed oxygen extraction, 8-high-pressure com-

bustion chamber, 9-main turbine, 10-auxilliary turbine, 11-combined regenerator, 12-main 

regenerator, 13, 14, 15-regenerative heater, 16-compressor, 17-condenser, 18-pump, 19-liquid 

CO2 release, 20, 21-water release, 22-nitrogen release.
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production of liquid CO2. The only emission is the cold nitrogen from air separation. 

The aim of the unit is cogeneration of electric power and carbon dioxide for industry. 

Both authors were students of Professor D. Hochstein at the Odessa Polytechnic 

Institute, who proposed high pressure carbon dioxide as the working fluid in a 

Rankine cycle (Hochstein, 1940). At that time, the greenhouse effect was ignored.

Recently, CO2 as a working substance was proposed by Tokyo Electric (Ausubel, 

2004). This is a gas turbine cycle with the exhaust gases condensed, compressed, 

heated, and returned to the combustion chamber. The cycle called for 1500 C and 

400 Atm at the turbine inlet, which seems rather optimistic. This cycle owes much 

to Professor Hochstein’s work.

Marchetti (1979) proposed combustion of fuel in a CO2/O2 mixture, followed by 

CO2 sequestration in the ocean. The mass balance for fuel, oxygen, and CO2 is given.

The concept of total emission control combined with enhanced oil recovery 

was described by Steinberg (1981). His history of carbon mitigation technologies 

(Steinberg, 1992) describes his pioneering work in this area from 1981 to 1990.

Another history of various zero emissions cycles was presented by Yantovsky 

and Degtiarev (1993). For each of the two possible recirculating substances (H2O

and CO2), the external combustion (Rankine cycle) or internal combustion (oxyfired) 

branches are identified. The latter is divided into many particular cases. Known data 

on cycle efficiencies is compared on a graph, which reveals a much higher efficiency 

using CO2 recirculation as opposed to H2O recirculation.

Rankine cycle using zero emissions combustion of coal powder was well docu-

mented in Argonne Lab by Wolsky (1985), and Berry and Wolsky (1986). Coal fired 

zero emissions combustion was also investigated by Nakayama et al. (1992), who 

concluded “O2/CO2 combustion process will provide an effective pulverized coal-

fired generating system for CO2 recovery.” Only cryogenic oxygen was considered at 

that time, which resulted in a cycle that was not economically viable. However, more 

recently, investigation into a zero emissions coal cycle using ion transport mem-

branes has begun at the Technical University of Aachen (Renz et al., 2005). This 

cycle, named Oxycoal-AC, is presented as having 41% efficiency for a 400 MW 

plant. This cycle is essentially the same as the Milano cycle (Romano et al., 2005), 

which also claims a 41% efficiency.

Pak et al. (1989) gives a description and schematic of a ZEPP cycle with CO2 recircu-

lation. However, the need to deflect combustion-born water from the cycle is missed.

Lorentzen and Pettersen (1990) presented a ZEPP cycle in which gas is combusted 

in a CO2/O2 mixture. They not only present the scheme, but also the T-s diagram, 

on which the thermodynamic losses are clearly indicated. These authors have much 

experience in the use of CO2 in refrigerators.

Pechtl (1991) considered a ZEPP cycle with CO2 recirculation and gave some 

figures, subsequently confirmed by other authors. If the efficiencies of an ordinary 

500 MW coal-fired power plant and an equivalent ZEPP are compared, the effi-

ciency drops from 38.9 to 36%. The liquefaction of CO2 takes 5.3% of the generated 

power.

Yantovsky (1991) presented in some detail a schematic for a ZEPP with com-

bustion of natural or coal-derived gas in an O2/steam mixture, with triple turbine 
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expansion, CO2 separation for sequestration, and water recirculation. Estimation of 

the cycle efficiency by means of a T-s diagram, at a temperature of 750 C before 

each of the three turbines, gives an efficiency of 37%. In this paper, the practice of 

emitting carbon dioxide into the atmosphere was likened to the medieval practice of 

emptying chamber pots into the streets and neighbors’ gardens.

The cycle presented in that paper and shown in Figure 2.3, comprises an air split-

ter, from which nitrogen is returned to the atmosphere and oxygen is diluted with 

recirculated water vapor and burned with methane in a combustion chamber, before 

entering the turbine. The exhaust is cooled, the water separated out for recirculation, 

and the CO2 compressed for sequestration. The turbine inlet temperature of 750 C

was based on a turbine without blade cooling. Yantovsky et al. (1992) presented 

a computer simulation of this ZEPP at higher turbine temperatures. At the high-

est turbine inlet temperature of 1300 C before the turbines, the efficiency does not 

exceed 40%. The low efficiency is caused by the very high latent heat of water and 

the inability to recuperate the large enthalpy of the condensing steam. As water is the 

recirculated substance, this turbine inlet temperature may be optimistic.

2.3 INDUSTRY FIRST BECOMES INTERESTED

Five years after Yantovsky’s paper, Clean Energy Systems, Inc. (CES) patented a 

similar cycle, based on rocket engine technology in which fuel, oxygen, and water 

enter a combustor, (Beichel, 1996). This produces a very high temperature jet of 

90% steam with 10% CO2. Further stages dilute the mixture with more water, 

increasing the mass flow rate and reducing the temperature. As turbine technology 

improves, these stages may be removed, increasing the turbine inlet temperature 

FIGURE 2.3 Power plant without exhaust gases (Yantovsky, 1991).
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and allowing the plant to increase in efficiency as technology improves. The tur-

bine exhaust is cooled in stages, condensing out the water for recirculation, and the 

CO2 is compressed for sequestration. The oxygen is produced by an unspecified 

air separator, which may be cryogenic or ITM based. A five-megawatt demonstra-

tion plant in Kimberlina, California, began operating in March 2005 (Figure 2.5). 

The oxygen is currently produced externally, but an onsite air separation plant is 

planned. The 10-megawatt combustor has been successfully tested. The Kimberlina 

plant is the first zero emissions power plant in the world. The cycle is shown in 

Figure 2.4. (See detailed recent descriptions in www.cleanenergysystems.com.)

Due to the use of water rather than carbon dioxide recirculation, the thermody-

namic efficiency seems to be limited to 40%. In recent years, the cycle has been 

further developed. The Kimberlina plant, always intended to be a demonstration 

plant rather than a commercial enterprise, will soon be joined by a commercial 50 MW 

plant in Norway. This new plant will use the developed cycle, in which nitrogen from 

the air separator is used to provide power. This new scheme (Marin et al., 2005) is 

shown in Figure 2.6.

The use of nitrogen offers a significant benefit: the high pressure nitrogen is 

heated by the combustion gases and produces work. This combats the inability to 

recuperate the latent heat of water, and is a real achievement in the development of 

the CES cycle.

Some technical data for this final cycle, called the Zero Emissions Norwegian 
Gas (ZENG) cycle, are shown in Table 2.1. The efficiency of 45% is not too high; 

some cycles using CO2 as a working substance have higher predicated efficiencies, 

but these cycles usually assume very high turbine isentropic coefficients.

FIGURE 2.4 Clean energy systems cycle (Anderson et al., 2002).
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The last achievements by CES, working with such industrial giants as Siemens 

and General Electric, reveal great advances in oxi-fuel CES cycles (Anderson et al., 

2008). Now the intermediate turbine is replace by existing gas turbines. For mod-

est T1T 760 C with the turbine J79 of GE the net power with all three turbines was 

60 MW at 30% efficiency. By 927 C power is 70 MW at 34%. They are planning to 

get by 1260 C the power up to 200 MW at 40–45%.

FIGURE 2.5 First in the world ZEPP of 5 MW in Kimberlina, California, put in operation 

in March 2005 by CES with the cycle in Figure 2.4 (http://www.cleanenergysystems.com/

technology.html).

FIGURE 2.6 The ZENG project cycle (Marin et al., 2005).
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2.4 CONTINUED DEVELOPMENT

Bolland and Saether (1992) presented a paper documenting a ZEPP combined 

cycle—a gas turbine with combustion in an O2/CO2 mixture and a bottoming ordi-

nary Rankine cycle. The production of oxygen and compression of CO2 combine to 

reduce the efficiency from 56% (based on a state-of-the-art air-based cycle) to 41%. 

The same work also presents a single stage steam turbine cycle with combustion in 

an O2/steam mixture. The maximum efficiency of this cycle at 1550 K is given as 

38.5%. This paper also gives useful economic data on equipment costs.

De Ruyck (1992) proposed an original ZEPP cycle involving water evaporation in 

a mixture with CO2. Extremely high efficiencies of up to 57% were claimed. These 

figures, however, were not confirmed in later papers.

Holt and Lindeberg (1992) considered an integrated complex comprising a ZEPP 

with enhanced oil recovery. They concluded that two-thirds of the CO2 produced by 

combustion in a ZEPP might be returned underground to the same place from where 

the fuel was extracted.

TABLE 2.1
Technical Data for the ZENG Cycle 

Optimized Cycle Summary Data

Thermal power input 114 MW

Gross power output 58.6 MWe

Parasitic power 8.1 MWe

Net power 50.5 MWe

Overall cycle efficiency 45%

Fuel consumption 8,210 kg/h

Oxygen consumption 32,760 kg/h

Cooling water flow (total) 4,300 m3/h

Excess water production 19.0 m3/h

HP turbine inlet pressure 150 bar

HP turbine inlet temperature 600oC

HP turbine exhaust temperature 320oC

IP turbine inlet pressure 22.0 bar

IP turbine inlet temperature 698oC

IP turbine exhaust temperature 390oC

CO2/steam condenser pressure 3.0 bar

LP Steam Rankine Cycle
LP turbine inlet pressure 1.6 bar

LP turbine inlet temperature 356 C

LP turbine exhaust temperature 24 C

Steam condenser pressure 0.03 bar

Source: Marin, O. et al., 2005.
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Van Steenderen (1992) considered the combined gas/steam ZEPP in more detail. 

At 20 bars and 1050 C at the inlet to the turbine, an efficiency of 44% is reported.

Yantovsky et al. (1993, 1994a) and Wall et al. (1995) present a 10 MW ZEPP 

cycle with liquid CO2 cogeneration, the latter being used to enhance oil recovery. The 

efficiency is presented as 48% at a turbine inlet temperature of 1000 C and pressure 

of 40 bars. The Aker Company in Norway began a similar project 5 years after these 

papers.

A highly efficient ZEPP cycle with CO2 recirculation and gas combustion in an 

O2/CO2 mixture is described in detail by Yantovsky et al. (1994b). This is the CO2

Prevented Emission Recuperative Advanced Turbine Energy (COOPERATE) cycle. 

The efficiency range is given as 46.9 to 55.2% for turbine inlet temperatures between 

950 and 1350 C and pressures between 4 and 240 bars.

Discussions with turbine manufacturers established that the temperature and pres-

sure before the first turbine in the COOPERATE cycle were not feasible in the fore-

seeable future. This led to further development of the cycle by Yantovsky (1994c), 

resulting in an efficiency of 50% based on more realistic turbine inlet states of 600 C

at 240 bars and 1300 C at 40 bars (Figure 2.7 and Figure 2.8). This highly efficient, 

realistic cycle (COOPERATE demo) is described as quasi-combined as it consists 

of two parts: a high pressure Rankine cycle using CO2 and a low pressure Brayton 

cycle using the same CO2. A comprehensive description of almost all such zero emis-

sions cycles can be found in the book by Göttlicher (1999). The COOPERATE cycle 

belongs to “Process Family II” in the book.

Yantovsky (1996) compares the COOPERATE cycle to a standard combined 

cycle, as shown in Table 2.2. The payback period was estimated as 3 years for the 

COOPERATE cycle if a fuel with a negative price, such as used lubricant, is used.

In the U.S.A., about one Mton/year of used lubricant is available. In the paper, the 

benefits of enhanced oil recovery are described, along with storage of carbon dioxide 

in brine.

FIGURE 2.7 The COOPERATE-demo cycle (Yantovsky, 1994c). 1-Air Separation unit; 

2-Combustion chamber; 3-Recuperator; 4-Cooling tower; 5-Water separator; 6-Turbine; 7-In-

tercooled multi-staged compressor; 8-Generator; 9-CO2 condenser; 10-CO2 pump; 11-Fuel; 

12-Depleted well or other CO2 storage.
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Using data on the amount of brine in the hydrolithosphere, a storage capacity of 

two million Gton of CO2 in the brine solution is estimated. This could protect the 

atmosphere for the foreseeable future if to stop atmospheric emissions, redirected 

to hydrolithosphere. It should be noted that this figure is an upper limit and local 

restrictions should be taken into account in individual case studies.

A problem with the COOPERATE cycle is the noncondensable gases in the CO2

condenser. As a radical remedy, it was proposed that CO2 condensation could be 

avoided by compressing the CO2 flow immediately after exiting the cooling tower, 

without allowing the compression process to cross the saturation line. This version of 

the COOPERATE cycle is the MATIANT cycle (Mathieu, 1998). Detailed calcula-

tions of the various versions of the MATIANT cycle (Mathieu et al., 1999) show that 

the loss of efficiency resulting from cryogenic air separation and CO2 compression is 

TABLE 2.2
Comparison of COOPERATE and Combined Cycle

Efficiency
Cost of Electricity

[€c/kWh]
CO2 emissions 

[g/kWh]

Standard cycle 52.2% 4.00 360

COOPERATE 54.3% 5.55     0

Source: Yantovsky, E., 1996.

FIGURE 2.8 T-s diagram of COOPERATE demo cycle (Yantovsky, 1994c).
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about 11.5 to 14.5 percentage points, compared to a state-of-the-art cycle operating 

between the same thermodynamic parameters. The cycle involves staged combus-

tion with a 2-stage expansion, and is shown in Figure 2.9 and Figure 2.10, along with 

some technical information, given in Table 2.3.

FIGURE 2.10 T-s diagram of the MATIANT cycle (Mathieu, 1998). 1–2: Intercooled staged 

compressor; 2–3: Upper-pressure part of the regenerator; 3–4: High-pressure combustion 

chamber; 4–5: High-pressure expander; 5–6: Low-pressure combustion chamber; 6–7: High-

temperature heat exchanger; 8–9: Regenerator; 9–1: Water cooler/separator.
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Based on the data in Table 2.3, the cycle efficiency is around 45% when the fuel 

is natural gas, the turbine inlet temperature is 1300 C, and the exhaust gas tempera-

ture is limited to 700 C. As the exhaust gases are cooled by a steam reheat cycle, the 

efficiency climbs to 49%.

To efficiently use the heat at a higher temperature than 700 C, a solid oxide fuel 

cell (SOFC) was integrated into the cycle between points 7 and 8, in Figure 2.9 

(Mathieu and Desmaret, 2001).

The isentropic effectiveness in the Matiant cycle are quite conservative and the 

results of the calculations are reliable and comply with technical limitations on the 

temperature at turbine inlet and exhaust. When the upper pressure changes from 140 

bars (at 1200ºC) to 220 bars (at 1400ºC), the cycle efficiency increases from 44.3 to 

46.05%. A coal-fired cycle with integrated gasification (IGCC-MATIANT) has also 

been developed (Mathieu and van Loo, 2005). At 1250ºC and 120 bars, the calcu-

lated efficiency is 44.8%, which is rather high for a coal-fired ZEPP.

Ruether et al. (2000) described an integrated system with “oxygen-blown dry coal 

entrained gasification providing fuel to the MATIANT cycle. Oxygen for both the gas-

ifier and the MATIANT cycle is prepared by use of an ion transport membrane (ITM) 

instead of a conventional cryogenic air separation unit.” The thermal efficiency of 

the overall cycle is 43.6% of the higher heating value of the coal, and 99.5% of the 

carbon dioxide produced is captured.

The Graz cycle was first introduced by Jericha et al. (1995) and has been con-

tinually developed by researchers at the Institute of Thermal Turbomachinery and 

Machine Dynamics at Graz University of Technology (Jericha et al., 1995, 2000, 

2004). It is similar to the Clean Energy Systems cycle in that steam is recirculated 

to the combustion chamber; however, it is more complex than the CES cycle. It 

was developed as an adaptation of a hydrogen/oxygen cycle published by Jericha 

(1985). The cycle was also developed for a coal-derived syngas plant (Jericha 

et al., 2000). The exhaust gas (80% steam and 20% carbon dioxide) powers a high-

temperature turbine, after which about half is cooled, compressed and re-enters the 

combustion chamber, while the rest enters an intermediate pressure turbine. After the 

intermediate stage, a portion is bled off and the water condensed out. The rest enters 

TABLE 2.3
Operating Parameters of the MATIANT Cycle

Upper-cycle pressure 60 bar Pinch-point at the regenerator outlet     20 C

Lower-cycle pressure 1 bar Maximum inlet temperature in the 

regenerator

  700 C

Pressure drop in the combustion chamber 3%psu Expanders inlet temperature (TIT) 1,300 C

Isentropic effectiveness of the three expanders 0.87 Lower cycle temperature     30 C

Isentropic effectiveness of the O2

compressors

0.75 Isentropic effectiveness of the fuel 

compressor

0.75

Isentropic effectiveness of the intercooled CO2 compressor: 0.85 for the first three stages, 0.8 for the last 

one.

Source: Mathieu, P., 1998. 
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a low-pressure turbine and is then cooled, with the water condensed out. The CO2

is captured at the pressure of the intermediate turbine (atmospheric pressure). The 

water captured at low pressure is pumped to a very high pressure and heated. It then 

enters a steam turbine before returning to the combustion chamber. An efficiency of 

56.8% of higher heating value was claimed for this cycle; however, the cycle assumes 

a supply of pure oxygen, and the carbon dioxide is provided at atmospheric pressure. 

The cycle is shown in Figure 2.11.

The Graz cycle has been developed in a practical manner, making use of the 

expertise available within the group in gas and steam turbine and heat exchanger 

design. This development led to a majority CO2 flow cycle (Jericha et al., 2004; 

Heitmeir et al., 2003). This led to a significant body of work on the development of 

a 75% CO2, 25% steam turbine. However, further development returned to a major-

ity (77%) steam cycle, for which an efficiency of 70% was claimed, falling to 57% 

when oxygen production and liquefaction of carbon dioxide was taken into account 

(Sanz et al., 2004). Based on these results, Statoil became interested in the project and 

initiated an investigation into the Graz cycle. This resulted in a realistic efficiency of 

52.6%, for a natural gas fired cycle, which takes into account not only oxygen supply 

and compression of carbon dioxide to 100 bars, but also mechanical, electrical, and 

auxiliary losses (Sanz et al., 2005). Ignoring these last three losses, the efficiency 

would be 54.6%. This latest incarnation of the cycle is shown in Figure 2.12. The 

flow is 75% steam, 25% carbon dioxide.

FIGURE 2.11 The original Graz cycle (Jericha et al., 1995).
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Previously, academic calculations had been the basis of ZEPP research, but 

recently the industry has begun research in the area. The Zero Emissions Gas con-

sortium, including some industry partners, are investigating combining a hydrogen 

production process and SOFCs to simultaneously produce electricity and hydrogen 

from natural gas with integrated CO2 capture (Tomski, 2003). A similar project, also 

developed in the U.S.A., is FutureGen, an IGCC with precombustion capture and the 

use of hydrogen as a fuel, and CO2 captured for enhanced oil recovery.

Aker Maritime began a long-term development of a commercial ZEPP in 1997. 

They are currently working with Alstom Power and other industrial partners on the 

development of a 25 MW plant for installation in the North Sea. The process pro-

duces separate streams of pure water and CO2, using flue gas recycle. They men-

tioned that not only the CO2 but also the N2 produced by air separation may be useful 

for enhanced oil recovery.

ZECA (Zero Emissions Coal Alliance) is a group of companies that is developing a 

technology conceived at the Los Alamos National Laboratory that gasifies coal using 

steam in a process called hydrogasification, which produces pure hydrogen and pure 

liquid CO2 for sequestration. This hydrogen fuels the gasifier and either an SOFC 

or a turbine, the exhaust of which provides the steam required by the hydrogasifier;  

see Figure 2.13. This new technology is not only zero emissions, but it also has dou-

ble the efficiency of standard coal burning power plants. The technology can also be 

FIGURE 2.13 The schematics of Zero Emissions Coal Alliance (ZECA) process. (Source:

www.cslforum.org/documents/TSRAppendix2003.pdf. Accessed Dec. 9, 2005).
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adapted for other hydrocarbon fuels including biomass, and may have applications 

outside of power production, e.g., in oil refining processes (Tomski, 2003).

2.5 ZEPP CYCLES INCORPORATING OXYGEN 
ION TRANSPORT MEMBRANES

As previously mentioned, cryogenic air separation has a very detrimental effect on 

the performance and efficiency of ZEPP cycles. Oxygen ion transport membranes 

(OITMs) offer the possibility of oxygen production without a significantly adverse 

effect on the efficiency, and probably at a lower cost than cryogenic production. In 

fact, by using the air stream as a bottoming air turbine cycle, production of oxygen 

using OITMs can actually increase the efficiency of a ZEPP. OITMs currently have 

a maximum operating temperature of about 1000 C, and this can limit some cycles. 

The simplest ZEPP cycle incorporating an ion transport membrane (ITM) reactor is 

shown in Figure 2.14.

The ITM provides oxygen for combustion, with the heat of combustion used to 

provide heat to an ordinary Rankine cycle. The cycle is limited by the temperature 

of a Rankine cycle (state-of-the-art steam turbines have a maximum temperature of 

about 600 C), but this temperature is acceptable for the OITM ceramic. At a tem-

perature of 540 C with a reheated Rankine cycle, the efficiency is 35.7% (Levin 

et al., 2003).

FIGURE 2.14 Simplest ZEPP cycle incorporating an ITM reactor (Levin et al., 2003).
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A well-developed example of a ZEPP incorporating ITMs is the AZEP (Advanced 

Zero Emission Power) cycle which combines a novel combustor integrated with a ceramic 

membrane and a heat exchanger (Sundkvist et al., 2001), shown in Figure 2.15.

Here, the simplified CO2 portion of the cycle does not allow a high efficiency to 

be achieved. The intention of the AZEP authors is to avoid the use of CO2 turbines, 

which are not currently available. They have integrated the OITM and combustion 

chamber: the membrane wall simultaneously conducts oxygen to the fuel side and 

heat to the air side. The main turbine is the air turbine (referred to in Figure 2.15 as 

the gas turbine), powered by the oxygen-depleted air, from which half of the oxygen 

has been removed. This turbine drives both the air compressor and the electrical 

generator. The combustion gases do not drive a turbine, and are used to provide heat 

to a bottoming Rankine cycle.

This cycle demonstrates the problem of using OITMs to provide oxygen: the 

OITM cannot be heated to too high a temperature, but the combustion should occur 

at the highest possible temperature for high efficiency using a gas turbine. The AZEP 

cycle was compared to a V94.3A combined cycle power plant, the efficiency of 

which is 57.9%.

The penalty in thermal efficiency for the AZEP … is 8.3 percentage points. This high 

loss is mainly due to the reduced turbine inlet temperature (1200°C) that causes sig-

nificant power loss both in the gas turbine and in the steam cycle.

The turbine inlet temperature can be increased by optional firing of additional fuel 

in the heated air stream before entry to the gas turbine. The combustion products of 

FIGURE 2.15 The AZEP cycle (Sundkvist and Eklund, 2004). MCM  mixed conducting 

membrane; HX  heat exchanger; BFW  boiler feed water; HRSG  heat recovery steam 

generator.
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this additional firing are released into the atmosphere. By adding enough extra fuel 

at this point, the AZEP’s efficiency is claimed to increase from 49.6 to 53.4%, but in 

this case, only 85% of the carbon dioxide is captured (Sundkvist et al., 2004). This 

retention rate is similar to that of a cycle with post-combustion CO2 absorption.

An economic analysis of the AZEP cycle showed that a carbon emission tax of 

€31–€40/ton would make the AZEP with 100% carbon capture as economically 

attractive as the V94.3A plant (Sundkvist and Eklund, 2004).

If a ZEPP cycle is to be competitive with existing cycles without tax incentives, it 

must have a similar efficiency. This requires removing the restriction on cycle upper 

temperature caused by the membrane reactor. The ZEITMOP (zero emissions ion 

transport membrane oxygen power) cycle (Yantovsky et al., 2002) was developed 

independently of the AZEP cycle. The simplest version of this cycle is the gas-fired 

one, shown in Figure 2.16 and Figure 2.17, although the concept behind the cycle can 

also be applied to other fuels, e.g., pulverized coal.

In the ZEITMOP cycle, the ITM reactor is remote from the combustion chamber, 

allowing much higher combustion temperatures to be achieved. After separation of 

combustion products, the carbon dioxide is cooled and compressed, then heated and 

expanded (i.e., a Rankine cycle) before entering the ITM to be mixed with oxygen. 

This mixture then enters a separate combustion chamber. As a result, the ZEITMOP 

cycle can have a higher combustion temperature and a higher efficiency. If the tur-

bine inlet temperature is 1500ºC, the ZEITMOP cycle efficiency is claimed as 56%. 

This temperature limit depends only on the turbine, not on the ITM reactor. Current 

turbine inlet temperatures are on the order of 1300 C, at which temperature the 

ZEITMOP efficiency is claimed as 46%.

FIGURE 2.16 The ZEITMOP cycle (Yantovsky et al., 2003a). 1-air compressor; 2-synchro-

nous electrical machine; 3-heat exchanger; 4-ITM reactor; 5-depleted air turbine; 6-CO2 and 

H2O turbine; 7-combustion chamber; 8-fuel gas compressor; 9-CO2 turbine; 10-recuperator; 

11-CO2 compressor; 12-water separator; 13-cooling tower. (Numbers in boxes are node 

points.)
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The ZEITMOP cycle has not been globally optimized, so there remains hope for 

an increase in efficiency through optimization. As this cycle could be developed for 

all types of fossil fuels, it represents one of the best options for the replacement of 

decommissioned power plants.

TABLE 2.4
Data for ZEITMOP Cycle

Basic Data for ZEITMOP Cycle—Calculation of Energy Balances for Turbine and Compressor Units

N9  NHPT  m4 (h16 – h4)  14.08 MW CO2 high-pressure turbine (element “9”)

N5  NAirT  m23 (h22 – h23)  9.10 MW Depleted air (Dair) turbine (element “5”)

N6  NGasT  m6 (h5 – h6)  27.91 MW CO2 H2O (Gas) turbine (element “6”)

N11  NCO2  m9 [(h9 – h10) (h11 – h12) (h13 – h14)]

 16.98 MW

CO2 compressors (element “11”)

N1  NAir  m19 (h19 – h20)  8.0 MW Air compressor (element “1”)

N8  NFuel  m1 (h1 – h2)  0.65 MW Fuel (CH4) compressor (element “8”)

Note: Net turbine power: Nnet  [(N9  N5  N6) – (N11  N1  N8)] m  25.2 MW, (at the mechanical 

efficiency: m  0.99). Thermal efficiency of principal ZEITMOP cycle: th  Nnet/(m1Qd)  0.5038 

50.38% (at lower heating value for CH4: Qd  50 MJ/kg).

Source: Yantovsky, E. et al., 2003a.

FIGURE 2.17 T–s diagram of ZEITMOP cycle (Yantovsky et al., 2003a). (See also Table 2.4)
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The use of CO2 turbines should not be an insurmountable technical problem. 

Such turbines were investigated by the Esher Wyss Co. in Switzerland about 40 years 

ago (Keller and Strub, 1968). McDonnell Douglas in the U.S.A. built and tested a 

microturbine unit using supercritical CO2, which produced 150 kW at an efficiency 

of 29% (Hoffman and Feher, 1971). The temperature and pressure at the turbine inlet 

were 1005 K and 22.95 MPa, with a flow rate of 2.75 kg/s.

Mathieu (1994) carried out a simple model of a CO2 turbine, which showed that 

due to differences in molecular weight and adiabatic expansion coefficients, air-

based turbines need to be completely redesigned to operate with CO2. According to 

similarity laws, a reduction of the rotational speed of an air-based GT should accom-

modate an operation on CO2 instead of air. However, the properties of CO2 vary 

much more with temperature than those of air so that a full redesign of the machine 

is unavoidable.

Work carried out on the Graz cycle has significantly advanced the development of 

CO2 turbines (Jericha et al., 2003; Heitmeir et al., 2003).

Siemens, Westinghouse, and Praxair collaborated to develop a zero emissions 

fuel cell cycle (Shockling et al., 2001). In a hydrocarbon-fueled fuel cell, the fuel is 

fed to the anode side of a fuel cell and air to the cathode side. About 85% of the fuel 

is used in the fuel cell, and the gas leaving the anode side is normally mixed with 

the cathode gas and they are burned together. The heat from combustion is used to 

preheat the incoming air and fuel, and also to partially reform the fuel. In the system 

described here, the cathode gas is fed to one side of an oxygen ion transport mem-

brane, with the anode (air) gas on the other side. Oxygen passes through the mem-

brane to completely oxidize the cathode gas stream, which then consists entirely of 

carbon dioxide and water vapor. Fuel cell cycles are very efficient, so this cycle is a 

promising development in the area of zero emissions cycles.

The membrane reactor in this cycle is being developed by Praxair, who is focusing on 

a tubular membrane concept. The paper gives the results of many tests on the reactor.

Another coal-fired ZEPP incorporating ITMs is the Milano cycle (Romano et al., 

2005). It is similar to the AZEP cycle due to the lack of CO2 turbines and restriction 

on cycle temperature due to the membrane reactor. The bottoming cycle is an ordinary 

steam cycle, which generates power, whereas the air turbine drives the compressor only. 

The cycle is shown in Figure 2.18, along with some technical data, given in Table 2.5.

Increasing the combustion pressure from 1.15 bar up to 10 bars resulted in a neg-

ligible increase in the calculated efficiency, which is quite standard for a Rankine 

cycle (41.34–41.89%). Solving the membrane reactor problem is required to make 

this cycle competitive with other coal-fired ZEPPs.

The Oxycoal-AC cycle, presented by Renz et al. (2004, 2005), includes a high 

temperature membrane unit, in which oxygen is mixed with carbon dioxide and 

water vapor. Pulverized coal is burned in this mixture to provide heat for a Rankine 

cycle. The system is shown in Figure 2.19.

Note the depleted air is described as N2 in the diagram. This is incorrect as only 

oxygen has been removed from the air. Other elements remain, e.g., water vapor, 

argon, carbon dioxide. Also, it is impossible for 100% of the oxygen to be removed 

by the membrane. Some must remain as the oxygen partial pressure on the feed side 

must be greater than that on the permeate side. The efficiency for this cycle, 41%, 
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TABLE 2.5
Performance of the Milano Cycle

FBC-USB Performance Calculation

FBC pressure, bar 1.15 10

Coal LHV input, MW 984.9 984.9

Turbocharger inlet air flow, kg/s 593.5 698.2

Turbocharger pressure ratio 11 20

Turbocharger power output, MW 74.7 69.7

ST power output, MW 404.9 400.6

Net power output, MW 407.2 414.6

Net plant LHV efficiency, % 41.34 41.89

Source: Romano, M. et al., 2005. 

FIGURE 2.18 The Milano cycle (Romano et al., 2005).
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was calculated based on a simulation using Ebsilon (Renz et al., 2005). It is very 

similar to the efficiency of the Milano cycle, which is unsurprising as the two cycles 

have no major differences.

Commercial interest in oxycoal is strong. The U.S. Department of Energy has 

granted funding to Babcock and Wilcox, who are using oxy-combustion of coal in 

wall-fired and cyclone boilers (Anna, 2005). Vattenfall plans to build a 30 MWth

pilot plant using oxyfired combustion of coal in Germany (the Schwarze Pumpe 

lignite fired plant). This is scheduled to begin in 2008; see Figure 2.20.

Further development of coal-fired plants is presented in the coal gasification and 

integrated carbon dioxide capture, described in the German program of emission 

reduction referred to as COORETEC 2003. These schematics (see Figure 2.20) are 

very promising for coal-rich countries, especially China and India.

2.6 ZERO EMISSIONS VEHICLE CYCLE—PRELIMINARY 
SECTION (ALSO SEE CHAPTER 7)

Carbon dioxide emissions from vehicles are more of a problem than those from 

power plants. Vehicle manufacturers seem to focus entirely on hydrogen or electric 

vehicles in their attempts to create a zero emissions vehicle. Unless the hydrogen or 

electricity is produced by a zero emissions process, these vehicles are not zero emis-

sions. The only truly zero emissions vehicle cycle is the Zero Emissions Membrane 

FIGURE 2.19 The Oxycoal-AC cycle (Renz et al., 2004). Kohle  coal; Luft  air; 

Brennkammer  combustion chamber; Dampferzeuger  steam generator; Hei gasreinigung 

 flue gas cleaner; Hei gasgebläse  flue gas pump; Luftzerlegung  air separator (www.

oxycoal.de/index.php?id 336).
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FIGURE 2.20 The coal-fired ZEPP developed in the German program COORETEC. (Source: Essen University, http://www.cooretec.de/; accessed 

Sept. 11, 2007.)
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Piston Engine System (ZEMPES) cycle (Yantovsky and Shokotov, 2003b; Yantovsky 

et al., 2004, 2005). Cryogenic oxygen production onboard a vehicle is likely to be 

unfeasible due to the unavoidable vibration and inertial forces, which are detrimental 

to distillation columns, so OITMs are the most attractive option for oxygen produc-

tion onboard a vehicle. The ZEMPES cycle uses an OITM reactor (ITMR in the 

schematic) to oxygenate exhaust gases, which are recirculated to the ordinary piston 

engine. The simplest version of the cycle is shown in Figure 2.21, along with techni-

cal information in Table 2.6.

The piston engine may be a spark or compression ignition engine. The exhaust 

gases heat the membrane reactor and are mixed with oxygen there. Obviously, not all 

of the exhaust gases can be recirculated; the extra portion born of the fuel and oxy-

gen combustion is removed and separated by condensing out the water. This water 

may be injected into the air stream before the turbine, making the only emission 

harmless water vapor (just as in a hydrogen vehicle). Alternatively, it could be stored 

onboard for removal when the vehicle is refuelled, as is done with the carbon diox-

ide. To avoid the need for two storage tanks, the carbon dioxide may be compressed 

and stored in the same tank as the fuel, separated by a sliding baffle. At the refuelling 

station, the carbon dioxide is removed as the fuel tank is filled.

FIGURE 2.21 The ZEMPES cycle (Yantovsky et al., 2004). CC  CO2 compressor, EG 

electric generator, EM  electric motor (for starting), FT  fuel/CO2 tank with sliding baffle, 

HE  heat exchanger, INJ  fuel injection, ITMR  ion transport membrane reactor, P  pump, 

PE  piston engine, R  radiator-cooler, TC  air turbocompressor, WS  water separator.
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The calculated efficiency of 28% seems to be acceptable for a zero emissions 

vehicle. It can be increased to 37% by addition of an exhaust gas turbine and to 44% 

by addition of a bottoming Rankine cycle (Yantovsky et al., 2005). However, such a 

complicated system is too cumbersome for a real vehicle. Reducing the dilution of 

the combustion mix may provide an easier method of increasing the efficiency.

Startup of ZEMPES can be easily implemented by switching off the recirculation, 

burning the fuel in air, and using the exhaust gases for heating the membrane only. 

This requires allowing some emissions at startup. Measuring the carbon dioxide 

stored onboard allows easy tracking of these emissions. Alternatively, some oxygen 

could be stored onboard for zero emissions combustion during startup.

2.7 TOWARD A ZERO EMISSIONS INDUSTRY

All zero emissions cycles might be considered as cogeneration of power and car-

bon dioxide. The quantity of carbon dioxide so produced will probably exceed the 

industrial demand. The greatest consumer of carbon dioxide is EOR (Enhanced Oil 

Recovery) and ECBM (Enhanced Coal Bed Methane Recovery). The contemporary 

and future convergence of the power industry and the oil and gas industry on a zero 

emissions basis was considered by Yantovsky and Kushnirov (2000b) and some rel-

evant cycles were discussed by Yantovsky (2000c).

Akinfiev et al. (2005) have shown the ultimate goal of CO2 injection underground: 

a possible method of converting CO2 to methane through reaction with fayalite.

The worldwide capacity of gas-fired power plants suitable for AZEP technology 

from 2020 was estimated to be in the range of tens of GW. Later on, it is estimated 

TABLE 2.6
ZEMPES Efficiency

Parameter Units Results

Turbine power kW 106.35

Air compressor power kW 93.16

CO2 compressor power kW 34.23

Total power kW 127.4

Piston engine indicator power kW 283.6

Piston engine effective power kW 235.5

Friction losses kW 11.76

Radiators fan power kW 26.7

Fuel energy input kW 800

Fuel consumption kg/hour 64.2

Specific fuel consumption g/kWh 272.4

System efficiency % 28

Source: Yantovsky, E. et al., 2004.
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that the AZEP cycle could be commercially available in less than 10 years, given a 

market (Sundkvist and Eklund, 2004).

As mentioned throughout this book, the Clean Energy Systems plant will soon 

be joined by a number of other demonstration and commercial plants. In gen-

eral, it appears that ZEPPs are close to commercialization. The interested reader 

may find excellent reviews of ZEPPs in Göttlicher (1999, 2003), Bolland (2004a, 

2004b), Gupt (2003) and Bredeson et al. (2004). Only the last reference con-

tains ZEPPs with oxygen ion transport reactors. A recent comprehensive review 

of carbon capture technologies is given by twelve leading professionals from ten 

power companies in VGB (2005). Unfortunately, this review almost ignores ITM 

reactors for oxygen production, and mentions only a few membrane technologies, 

including the AZEP cycle, as examples of futuristic technologies. The authors 

of this report claim that carbon capture always reduces electrical efficiency of a 

cycle. However, this is not necessarily true. For example, in the ZEITMOP cycle, 

the recirculated carbon dioxide undergoes a Rankine cycle, actually adding to the 

electrical efficiency.

Most advanced seems to be the project of Germany’s the brown-coal-fired ZEPP 

or Schwarze Pumpe. The general outlook can be seen in Figure 2.22.

Quite naturally, the selection of the best power cycle depends on economics, 

namely on cost of energy (COE). At the end of the book, we give a general optimi-

zation method (Pareto optimization) which includes COE. In Figure 2.23, we pres-

ent some preliminary figures on the comparison of different zero emissions power 

plants. In general, the difference between COE of cycles of Zepp and not Zepp is 

modest, within the accuracy of calculations.

FIGURE 2.22 Outlook of Schwarze Pumpe ZEPP. It should be started in 2008. (Source:
http://www.vattenfall.com/; accessed Nov. 11, 2007.)
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2.8 AN IMPORTANT PAPER

After reviewing almost all ZEPP thermodynamic cycles, let us take a look at Figure 

2.24, which is a photocopy of a paper from 1991, containing some schematics and 

wordings that remain of interest today.

For example, in the recent paper by C. Salvador of CANMET, presented at the 

2nd Oxy-combustion Workshop (2007) new wording, Hydroxy-fuel Technology, is 

introduced where water is used to moderate combustion of natural gas in oxygen.

Here, new is only new wording. The schematics do not differ from the CES cycle 

and GOOSTWEG cycle (1991) seen in Figure 2.24.

2.9 SOME ADDITIONAL REMARKS

On January 24–26, 2007 in Windsor, Connecticut, U.S.A., an important event took 

place, the 2nd International Oxy-Combustion Workshop organized by IEA GHG and 

sponsored by ALSTOM Power Inc. It was attended by over 85 people from 16 differ-

ent countries. There were many papers presented on very advanced works, including 

encouraging data on the ITM reactors created in Air Products and Praxair.

It is interesting to note that 10 years before, at Liege University, on exactly the 

same date—January 24, 1997— a similar workshop occurred.

FIGURE 2.23 Comparison of COE of different ZEPP. (Source: Report IEA GHG R&D 

Programme, May 2007.)
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FIGURE 2.24 Photocopy of a 1991 paper. (Source: The Thermodynamics of Fuel-Fired 

Power without Exhaust Gases. Paper presented at the World Clean Energy Conference, Nov. 

4-7, 1991, Geneva.)
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FIGURE 2.24 (Continued).
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FIGURE 2.24 (Continued).

87916_Book.indb   48 3/26/09   12:17:55 PM



© 2009 by Taylor & Francis Group, LLC

Cycles Review 49

FIGURE 2.24 (Continued).
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FIGURE 2.24 (Continued).
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FIGURE 2.24 (Continued).
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FIGURE 2.24 (Continued).
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FIGURE 2.24 (Continued).
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FIGURE 2.24 (Continued).
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FIGURE 2.24 (Continued).
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FIGURE 2.24 (Continued).
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Figure 1 Schema of the GOOSTWEG power plant.

FIGURE 2.24 (Continued).
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A short notice on Zero Emission Power Generation has been published in 

Greenhouse Issues, No. 85 (March 2007, www.ieagreen.org.uk/ghissues.htm). The 

two workshops are mentioned, the first on January 24, 1997 and next in 1998, orga-

nized at Liege University by Professors Yantovsky and Mathieu.

After the second workshop, the event was taken over by IEA GHG and it now 

forms part of the GHG Technologies conference series.

Figure 2 The t-S diagram for the GOOSTWEG cycle.

FIGURE 2.24 (Continued).
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We wish to add here some details of the first workshop from the text of internal 

Proceedings Workshop: zero emissions power cycles, University of Liege, Jan. 24, 1997.

In attendance were 16 participants — six from the University of Liege, and ten 

from other places. Here is the list of the ten participants:

AUDUS, H., IEA, Greenhouse R&D Programme, U.K.

DECHAMPS, P., CMI, Belgium

DESIDERI, U., University of Perugia, Italy

KOROBITSYN, M., ECN, the Netherlands

MACOR, A., University of Padua, Italy

McGOVERN, J., University of Dublin, Ireland

MENZ, K., (Mrs), Preusag AG, Germany

MIRANDOLA, A., University of Padua, Italy

PRUSHEK, R., University of Essen, Germany

WOUDSTRA, T., Delft University of Technology, the Netherlands

Here are the concluding remarks by Professor Philippe Mathieu:

The goal of this one-day meeting was to provide all the participants with the most 

recent works and projects in the field of power generation without any release of pol-

lutants to the atmosphere. Is it not a right of the human being to breath clean air but is 

it not also his duty to protect his planet?

Figure 3 Isothermal liquefaction of CO2.

FIGURE 2.24 (Continued).

87916_Book.indb   59 3/26/09   12:18:15 PM



© 2009 by Taylor & Francis Group, LLC

60 Zero Emissions Power Cycles

The exchanges of information and ideas were very useful and fruitful and gave the 

participants the feeling that feasible technical options were available and ready to be 

implemented at acceptable cost, should mankind (and particularly, the decision mak-

ers) consider the greenhouse effect as a critical and urgent issue. Currently, solutions 

are proposed on paper but there is no political and social will for the undertaking 

and, consequently, no economic incentive to do so.

Figure 4 Schematic diagram of the global carbon cycle [15].

FIGURE 2.24 (Continued).
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Professor E. Yantovsky gave the background of the workshop, with a reminder 

that it is now scientifically proven that the greenhouse effect exists. He gave the basic 

principles of conversion of any power generating system into a zero emissions one, 

namely the use of a CO2 cycle, the use of oxygen for the combustion and hence, the 

need for an air separation unit, the use of CO2 turbomachinery, the separation of 

water and excess CO2, and extraction of that CO2 in liquid state for transportation 

and disposal.

The research team from the University of Liege delivered the results of their mod-

elling and optimization of new and original zero emissions power plants.

Figure 5 Equilibrium content of CO2 dissolved in sea water.

FIGURE 2.24 (Continued).
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Raoul Nihart showed that a CO2 power cycle comprised of a Rankine-like cycle 

on the top of a Brayton CO2 cycle and operating in compliance with technical and 

material related constraints can reach efficiencies above 50% with natural gas as a 

fuel.

Yann Greday provided us with a CO2 cycle fuelled with biomass produced from 

microalgae by the solar radiation and reinjected CO2 in a pond. Such a solar-based 

system has a payback time much lower than in PV cells and is easy to build using 

technically proven components.

Figure 6 Schema for the COMHDWEG power plant.

FIGURE 2.24 (Continued).
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Rafael Lhomme explained how to integrate a MagnetoHydroDynamic generator 

nozzle into a fossil fuel fired zero emissions CO2 cycle. Efficiency from 49 to 54% 

can be obtained using a well-known technology, including ceramic heat exchangers 

and a superconductive magnet. This could be an example for use of existing MHD 

facilities, notably in the former-U.S.S.R.

Concluding this system optimization, Philippe Mathieu talked about the possibil-

ity of the use of existing industrial gas turbines for operation on CO2 instead of air. 

On the basis of a very simplified one-dimensional model, it appears that a reduction 

of the rotational speed by 20% gives a very good similarity of CO2 and air flows 

through the turbomachine. Could an air-based gas turbines built in the U.S. at 60 Hz 

be used in Europe with CO2 at 50 Hz as such or with slight modifications? This has 

to be tested and more accurate models (with cooling) should be developed to answer 

that important question.

G. Göttlicher and R. Pruschek from the University of Essen (Germany) presented 

a very exhaustive comparison of coal- and gas-based power plants with CO2 removal 

from the performance, specific residual CO2 emissions, and cost points of view.

Figure 7 Disk-shaped radial flow MHD generator.

FIGURE 2.24 (Continued).
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U. Desideri and R. Corbelly from the University of Perugia (Italy) presented an anal-

ysis of performance and cost of CO2 capture in small-sized power plants. Calculations 

were focused on a Cheng cycle with cogeneration and chemical CO2 scrubbing.

To conclude the day, Jim McGovern from the University of Dublin (Ireland) gave 

his view on the role of computer simulation in the context of zero emissions power 

plants.

The general conclusions of the workshop are as following:

For every known gas-steam turbine combined cycle (natural gas, integrated 

gasification, fluidized bed, MHD) exists its zero emissions quasi-combined 

cycle counterpart (ZEQC), CO2 being used as the working substance.

The new elements of ZEQC are: air separation unit for oxygen production, 

CO2 high- and low-pressure turbines, inherent production of liquid CO2 at 

60 bar and its injection underground or in the ocean.

Figure 8 Enthalpy-entropy diagram for the slurry combustion in pure oxygen.

FIGURE 2.24 (Continued).
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The efficiency penalty due to oxygen production power is offset by smaller 

compression work of CO2 than with air. Therefore, ZEQS efficiency is the 

same or higher than its originator.

If an ordinary gas turbine, designed for 3600 rpm, were running on CO2 at 

3000 rpm, it would have similar hydrodynamics and isentropic efficiency 

for a given power output.

Figure 9 Outline of the coal-oxygen steam turbine power plant without exhaust gases and 

ash neutralization by carbonic acid.

FIGURE 2.24 (Continued)

Figure 10 Schema of the SOFT power plant.

FIGURE 2.24 (Continued).
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There exist a number of economically attractive ZEQC applications, including 

combination of power generation with incineration or oil recovery, espe-

cially in Europe.

The Department of Nuclear Engineering and Power Plants of Liege University 

is ready to initiate and take part in the design and construction of a demon-

stration ZEQC power plant.

Figure 11 Global energy flows.

FIGURE 2.24 (Continued).

Figure 12 Diagram of the “biosolar” scheme.

FIGURE 2.24 (Continued).
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The leadership in the zero emissions power plant construction will create 

many jobs in Europe.

During lunch, Philippe Mathieu declared that the participants at the workshop con-

stituted the first permanent workgroup on zero emissions power generation and 

promised to organize the event annually.
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3 Zero Emissions 
Quasicombined
Cycle with External 
Oxygen Supply

3.1 CARBON DIOXIDE—THERMODYNAMIC
PROPERTIES, PURE AND MIXTURES

From an engineering point of view, carbon dioxide has been of great importance in 

many industrial processes and applications for several decades. It is used mainly as a 

solvent for supercritical fluid extraction in the chemical industry and for enhanced oil 

well recovery. Some current developments have shown its suitability for new transcriti-

cal cycles and ecologically safe air conditioning and heat pump systems. The applica-

tion of carbon dioxide as a refrigerant (R-744) in automotive air conditioning systems 

has grown since the pioneering works of G. Lorenzen at the end of the last century.

As the main component of effluent gases from the combustion of coal or hydro-

carbon-based fuels, CO2 is responsible for atmospheric emissions and the GHG 

effect. Its capture and utilization play a main role in the future of energy conversion 

systems. Another method proposed for capturing CO2 in power generation is through 

the semi-closed O2/CO2 gas turbine cycle, which burns an oxy-fossil fuel mixture 

utilizing recycled CO2 as a diluting gas.

The thermodynamic and transport properties of fluid-state carbon dioxide are 

widely recognized in many open sources (http://airliquide, 2008; www.chemicalogic, 

2008; Span and Wagner, 1996; Vesovic et al., 1990). Several important parameters 

explaining its material compatibility, major hazards, and safety data sheets are given 

in thermodynamics handbooks (Gorski, 1997).

Most thermodynamic properties (Span and Wagner, 1996), as well as the solubil-

ity of carbon dioxide in aqueous solutions (Kerrick and Jacobs, 1981; Mäder, 1991), 

can be described by using the appropriate PVT-relations or equations of state (EOS) 

(Span, 2000). Phase relations can be derived from phase diagrams for H2O and CO2,

as well as the CO2-H2O system, shown in Figure 3.1.

An extensive review of available data on CO2 thermodynamic properties is pre-

sented in the well-known Carbon Dioxide Standard (Span and Wagner, 1996). 

Equation of state developed by Span and Wagner (1996) covers the fluid region from 

the triple point temperature up to 826.85°C and pressures up to 8000 bars. Span and 

Wagner (1996) developed a new EOS for the representation of the thermodynamic 

properties of carbon dioxide, which is an empirical representation of the fundamental 
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equation explicit in the Helmholtz free energy A. The stated fundamental equation 

is expressed with the two independent variables: density  and temperature T in 

the nondimensional form. According to recent thermodynamic methods, the dimen-

sionless Helmholtz energy  A/RT is usually spliced into an ideal gas part ° and 

residual, real gas part r:

def A
RT
( )

( ) ( )r
,

, ,0 (3.1)

where / c is the reduced density, i.e., the density normalized to the critical den-

sity c, and  Tc/T is the inversed reduced temperature, i.e., the inverse of tempera-

ture normalized to critical temperature Tc (the subscript c denotes the critical values 

of fluid density and temperature).

Here, the Helmholtz energy of one component fluid is described as a function of 

density and temperature. However, this is just one form of a fundamental equation 

and, in fact, all thermodynamic properties of pure carbon dioxide can be calculated 

by combining derivatives of this equation (see Table 3 in Span and Wagner, 1996 and 

Table 3.1).

A simpler approach for calculation of fluid properties can be used based on the 

virial compressibility derivatives (VCD) symbolism (Gorski, 1997).

Some principal relations comparing the use of VCD and classical notation (Span 

and Wagner, 1996) for calculation of selected thermodynamic parameters are given in 

Table 3.1. The use of VCD notation allows simplifying the mathematical expressions 

for calculating all important derivatives of the thermal parameters. For example:

p

T

p z

z z
r

r

r

c c

2 ( ),

2

2

2 2 3p

T z

z

z
r

r T c c

,

FIGURE 3.1 Elementary polytropic compression (a) and expansion (b). (From Gorski, 1997. 

With permission.)
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TABLE 3.1
Thermodynamic Functions Represented in Terms of Reduced Helmholtz and VCDs

Parameter and Definition Reduced Helmholtz Function Virial Compressibility Derivatives

Pressure p T V
F

V
T

( , ) pV

RT
r1 p

z RT

V
z RT

Enthalpy H T p F T
F
T

V
F

V
v T

( , ) H

RT
id r r( , )

1
H

RT

H

RT
T

z
T

d
z

id

0

(1 )

Entropy S T V
F
T

V

( , ) S

R
id r id r( , ) S

R

S

R
z

d
z

id

Tv 1 ln

0

Internal energy U T V F T
F
T

V

( , ) U

RT
id r( , ) U

RT

U

RT
T

z
T

did

0

Specific heat (at V const.) C T V
U
Tv

V

( , ) C

R
v id r
( , )

2
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R
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R
T

z

T
dv v

id
Tv
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Specific heat (at p const.)

C T p
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C T V
p
Tp

p
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(Continued)
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TABLE 3.1 (CONTINUED)
Thermodynamic Functions Represented in Terms of Reduced Helmholtz and VCDs

Parameter and Definition Reduced Helmholtz Function Virial Compressibility Derivatives

Sound velocity a T V V
p

Vs

s

( , )

1 2/
a

RT
s r r

r r2
2

2

1 2
1( , )

22 id r

a

RT
zs

vT

2

Joule-Thompson coefficient JT JT

h

T p T V
T
p

( , ) ( , ) JT

r r r

r r

R

V

2

1
2

2 21 2id r r r
JT

p

Tv

vT

R
R

C

z

z
1

Compressibility factor z T V
pV

RT
( , ) z r( , ) 1 z T z T V

p
RT

pV

RT
( , ) ( , )

Abbreviations: , ,
2

2
, ,

2

2

2

Source: Gorski, J., 1997.
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p p z

z z
r

r T

r

c c
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2

2

2

2

1p p

z

z
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r T

r

c zc

( ),2 4

2 1p
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z
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r r c c
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(( ).2 2

where zc
p

RT
c

c c
, is the compressibility factor at thermodynamic critical point and

0 0
0

r r, ,
r

r

,

,0 0
0

2

, r
r

r , ,ss
0 0 0

2

2
0 ,,

0
2 2

r , , etc.

(3.3)

These quantities are directly obtained from an explicit form of the Equation (3.1) and 

simply defined the VCDs (Gorski, 1997; Gorski and Chmielniak, 1993):

z z
zdef

r( )2 1 2 2 r

def
z z

z

,

( ) 1 r r ,

(3.4)

Such nondimensional parameters (reduced to the values at thermodynamic critical 

point) are most useful in engineering practice and exhibit the discrepancies between 

real and ideal compressible fluid.

The auxiliary relations showing their physical significance are directly related to 

well-known coefficients of volume expansivity, , isothermal compressibility, , and 
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thermal expansivity, , of compressible fluid.

v
p
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p

z
z

z

z
p
T

T T

id

vT

pT
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v v

id

Tv Tp
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1 vv
T

v
v
p p

p
T

p

T

,

,
1 1

vv

p, and

(3.5)

The VCD parameters appearing in Equations (3.2) to (3.4) and Equation (3.6) 

only differ by the changing of state variables from absolute values to the reduced 

ones. In the case of reduced density  / c, and the reciprocal reduced temperature 

 Tc /T, it is found that (Gorski, 1997; Gorski and Chmielniak, 1993):

z z
z

z
z

z
def

T
vT

ddef

T

def

z v
z
v

z z
z

;

zz z T
z
T

z T
z
TTv

def

v

.

(3.6)

These auxiliary functions can be derived by the contact or Legendre transforma-

tion for any form of the EOS and a selected pair of two independent variables. In 

an explicit form of EOS, with respect to the pressure p (reduced pressure  pr  p/pc),

and the temperature T (as well as Tc/T), the proper pair of VCDs should be 

defined as:

z z
z

z z p
z
p

def

pT

def

T

def

Tp

def
z z

z
z z T

z
T

;

p

.

(3.7)

By eliminating the second subscripts in Equation (3.6), a shortened notation for the 

VCDs can sometimes be used but these functions are not independent (especially 

when distinguishing that z z z zT p Tv , and ).  (T, p, V)

( , , ) ( , ),T p p p T0 (3.8)

and

T
p

p
T

T p

1.
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From Equation (3.5) and Equation (3.8), one finds that

z z z z z zTv vT T p pT, ,

and

z z z
z

z

z

z

z

z

z

z

z z

pT vT
Tv T p

pT

Tv

vT

T p2, , ,

zz
z

z

z

z

z

z

z

z
2, , .

(3.9)

The above given set of transfer relations allows one to obtain all important partial 

derivatives both from a particular thermal and fundamental EOS (Helmholtz free 

energy and Gibbs free enthalpy), and to transpose these results into a convenient 

form for practical use.

Based on these given relations, it is easy to find the proper forms for calcula-

tion of thermodynamic functions and such quantities as velocity of sound as, isen-

tropic exponent ks, Joule-Thomson coefficient JT, Poisson ratio  , and the Grüneisen 

parameter . A few examples are presented in Table 3.1, (Gorski, 1997; Gorski and 

Chmielniak, 1993).

k
p

p v
p

p
v

v
p

p
vs

s s T
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v

v p

v p
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c

z

z

c

c
z
z

, (3.10)
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k p z RT z RT zs

s

s p

def

/ / , (3.11)
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s v
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1 pp
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where

z z T z z z z z zT T T( , ), , ,
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s s T
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v p
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a
p

k p z RT zs

s

s p/ /
def

, (3.11 )

where at z z T p z z z z z zT T p p pT( , ), , .
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These identities express very simply both the important physical parameters and 

their discrepancies to an ideal gas model. The ultimate case shows simply that

if lim lim limV V T p z z
p p Tp p

( , ) ( ) ( ) (
0 0 0

zz

p p T V z z

pT

V V Tv

) ,

( , ) ( ) ( )

1

lim lim lim
VV vT

s s p v

z

a RT k c c

( )

, ( ), ,

1

and 1 /

(3.13)

Equation (3.13) and other above presented relations demonstrate what seems to be 

the simplest and most rational representation of discrepancies between real and ideal 

compressible fluid. In a formulation of VCDs, an additional positive can be observed 

— the transition of commonly used complicated mathematical relations not deriv-

able from an EOS into an easily identified symbolic form; see Table 3.1.

Fundamental equations expressed in the form of the Helmholtz energy usually 

need temperature T and density  as input values to calculate thermodynamic proper-

ties. Due to the fact that in technical applications, different input values are given in 

most cases, the engineering programs contain iterations with which input values of 

the combinations (T, p), (T, h), (T, s), (p, ), ( , h), ( , s), (p, h), (p, s) and (h, s) can be 

handled in the homogeneous region as well as in the vapor-liquid two-phase region.

These iterations calculate the missing values of temperature T and density  with 

which all other properties can be calculated (Bejan, 2006). Extensive software pack-

ages have been developed during recent years (aspenTech, ChemicaLogic Corp., and 

Wagner and Overhoff, 2006), to make this modern way of easily calculating thermo-

dynamic properties available for users in industry and research. These packages are 

customized for every individual field of application.

3.2 GAS MIXTURES

In the literature, a large number of fluid mixture models are available (Bejan, 2006, 

Orbey and Sandler, 1998, and Span, 2000). The models differ in both structure and 

accuracy. One group of models describes the behavior of mixtures through the use 

of excess properties. For instance, many models cited in Span (2000) have been 

developed for the excess Gibbs free enthalpy G T p xex ( , , ) , as well as for the excess 

Helmholtz free energy A T xex ( , , ).

To use these models, the pure components as well as the mixture itself must be 

in the same state at a given temperature and pressure (Orbey and Sandler, 1998). 

As a result of this precondition, these models are not suitable for most engineer-

ing problems when taking into account the involved components and the covered 

fluid regions. The thermodynamic properties of mixtures can be calculated in a very 

convenient way from the equations of state. Most of these equations are explicit 

in pressure, as well-established cubic equations of state. Cubic equations are still 

widely used in many technical applications due to their simple mathematical struc-

ture (Bejan, 2006; Orbey and Sandler, 1998). For technical applications with high 

demands on the accuracy of the calculated mixture properties, these equations show 
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major weaknesses with respect to the representation of thermal properties in the liq-

uid phase and the description of caloric properties.

Empirical equations of state, such as the equations of Bender (1973), yield an 

improved description of the properties of mixtures especially in the homogeneous 

region. These models are explicit in pressure as well. Bender used mixing rules to 

describe the composition dependence of the coefficients and the temperature-dependent 

functions of the equation of state. Starling (1973) used mixing rules for each coef-

ficient of the equation of state (see Mäder 1991).

The other works laid the basis for the application of extended-corresponding-

states models to mixtures (see Span, 2000). Based on this work, Sun and Ely (2005) 

developed the exact shape factor concept. Recently, Trusler et al., (in Span, 2000), 

reported two separate extended-corresponding-states models for natural gases and 

similar mixtures. One was a wide-ranging equation and the other was limited to the 

custody-transfer region.

The wide-ranging model yields an accuracy which is, on the average, similar to or 

even slightly better than other commonly used equations for natural gases. The mixture 

models mentioned above and the new model for natural gases and other technical gas 

mixtures are fundamental equations explicit in the Helmholtz free energy A with the 

independent mixture variables density , temperature T, and molar composition x .

Similar to fundamental equations for pure substances, the function A ( ,T,x) is split 

into a part A0, which represents the properties of ideal gas mixture at a given density 

and temperature and the composition x , and a part Ar, which takes into account the 

residual mixture behavior (Span and Wagner, 1996).

A x A x A x( ) = ( ) ( )r, , , , , ,0 (3.14)

Using the Helmholtz free energy in its dimensionless form A/(RT), Equation 

(3.14) reads

( )
( )

( ) ( ),r, ,
, ,

, , , ,x
A x

RT
x x

def
0 (3.15)

while  is the reduced mixture density and  is the inverse reduced mixture tempera-

ture according to

/ and /ref refT T , (3.16)

with ref and Tref being the reference composition-dependent reducing functions for 

the mixture density and temperature

ref ref ref refx T T x( ), ( ) (3.17)

The dimensionless form of the Helmholtz free energy for the ideal gas mixture 0

of the N components is given (Orbey and Sandler, 1998) as

0
0

0

1

( , , ) ( , ) ,T x x T xi i i

i

N

ln (3.18)
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In the fluid mixture, 0
0
i  is the dimensionless form of the Helmholtz free energy 

in an ideal gas state of component i and the xi are the mole fractions of the mixture 

constituents. The term xi in xi accounts for the entropy growth by a mixing process.

In a multifluid approximation, the residual part of the reduced Helmholtz free 

energy of the mixture r is given as follows:

r r( , , ) ( , , ) ( , , ),x x x xi i

i

N

0

0

1

(3.19)

where 0

0

i is the residual part of the reduced Helmholtz free energy of the i-th compo-

nent and r is the departure function. The reduced residual Helmholtz free energy 

of each component depends on the reduced state variables  and  of the mixture; 

the departure function additionally depends on the mixture composition x . This gen-

eral structure corresponds to the models of Tillner-Roth (1993), Lemmon (1996), and 

Lemmon and Jacobsen (1999), as explained, respectively, by Span (2000), as well as 

by all models based on a multi-fluid approximation which intends to achieve an accu-

rate description of the thermodynamic properties of nonideal mixtures (Span, 2000).

According to Equation (3.19), the residual part of the reduced Helmholtz free 

energy of the mixture r is composed of two different parts (Span, 2000):

1. The linear combination of the residual parts of all considered mixture 

components

2. The departure function

In general, the contribution of the departure function to the reduced residual 

Helmholtz free energy of the mixture is inferior to the contribution of the equations 

for the pure components.

In summary, the fundamental equations of state for gas mixtures based on a multi-

fluid approximation consists of:

Pure substance equations for all considered mixture components

Composition-dependent reducing functions 
r r
= ( ),x and T T x

r r
= ( ) for 

the mixture density and temperature

A departure function r depending on the reduced mixture density, the 

inverse reduced mixture temperature, and the mixture composition

In an actual engineering practice, these models play a principal role for formula-

tion of so-called standards for many fluid-state substances, both pure and compound 

(Span, 2000; Wagner and Kretzschmar, 2008). Part of the application of computer 

routines allows the introduction of such tools into the simulation of many advanced 

chemical and energy conversion processes. Some of the most popular software proce-

dures are proposed by Wagner and Overhoff (2006) in the package “ThermoFluids” 

as well as IAPWS standard (Wagner and Kretzschmar, 2008), and other commercial 

software (Ruhr Universitat, 2007). As a part of a few very convenient online calcu-

lators, for example. NIST Chemistry WebBook (2007), two software packages, the 

ASPEN and Chemical Logic, play a leading role.
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3.3 EFFICIENCY OF COMPRESSOR AND TURBINE
FOR REAL GAS CONDITIONS

Real gas effects are extremely important when the compression and expansion pro-

cesses take place within a high range of the pressure ratios. Such extreme condi-

tions are typical while analyzing the supercritical Brayton and Rankine cycles. When 

supercritical CO2 gas is expanded and compressed in a real gas fashion through a 

sequence of high-pressure turbines and compressors, the isentropic formulas shown 

in most thermodynamic books are no longer useful.

In order to obtain valuable results, it is necessary to develop more general pro-

cedures and equations for calculating the compressor and turbine efficiency in the 

dense gas region.

The objective of this analysis is to deliver mathematical derivations of the com-

pressor and turbine isentropic and polytropic efficiency based on real gas models and 

frequently used thermal equations of state.

The real gas compression and expansion process has been analyzed by Kouremenos 

and Kakatsios (1985) and Wiederuch (1988), and is applicable as the standard VDI 

2045-2:1993.

A more complete approach to this problem was proposed by Gorski (1997) based 

on an arbitrary form of thermal equation of state and VCDs explained in the previous 

chapter.

The commonly used term in analysis of compression and expansion processes is 

the polytropic efficiency. It refers to the elementary change of parameters at isentropic 

and polytropic processes and corresponding enthalpy increments; see Figure 3.1.

The polytropic efficiencies of compression pc and expansion pe, respectively, 

are:

pc
s

t
pe

i

s

dh

dl
vdp
dh

dl

dh
dh
vdp

, , (3.20)

where dhs vdp is an isentropic change of enthalpy for the adiabatic process, and 

specific technical work dlt refers to the enthalpy rise dh in the real process.

The enthalpy changes with respect to the elementary pressure and volume incre-

ments are:

dh
dp

h
T

dT
dp

h
p

p TT v p

dh
dp

h
p

h
v

dv
dp

, (3.21)

With the first law of thermodynamics and Maxwell relations and the VCD, defined 

by Equation (3.6) and Equation (3.7), the mathematical derivation gives direct rela-

tions between temperature and pressure variation in an expansion polytropic process 

(Gorski, 1997):

dT
T

Rz
c

z

z
dp
pp

p
Tv

vT

1 0 (3.22)
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The similar relation for pressure and specific volume rise takes the form:

dp
p

k

z

z

dv
v

s

vT

Tv
p1 1 1

0 .

( )( )
(3.23)

where p pe, and ks is an isentropic exponent and is the specific heat ratio.

It can be pointed out that in the case of the compression process, the polytropic 

efficiency in Equation (3.22) and Equation (3.23) should be replaced by its recipro-

cal, i.e., p  1/ pc.

The parameters appearing in Equation (3.22) and Equation (3.23) are not con-

stants, but by an iterative procedure, can be averaged between initial 1 and final 2
states. Denoting their values as p s Tvk z z, , , , ,  these relations will be integrated 

and expressed in the typical form which is similar to an ideal gas polytrope.

An infinitesimal and integral counterpart of Equation (3.23) and Equation (3.24) 

can therefore be respectively written as:

dT
T

m
dp
p

p T p T p T idemm m m0, / / = / =
1 1 2 2

, (3.24)

and

dp
p

n
dv
v

pv p v p v idemn n n0,
1 1 2 2

, (3.25)

The averaged exponents m n,  for the compression of real gas are (Gorski, 1997):

m
R

c
n

mp pc pc1 2
1

,
( ) ( )(1

,
1

1 1 1 /
1,2 pc 1)

1,2

(3.26)

A more complete and symbolic representation of all basic thermodynamic pro-

cesses in a dense gas is collected in Table 3.2.

TABLE 3.2
Generalized Exponents for Real Dense Gas Process

Process pc pe, m n

s = idem 1 Rzz c zTv p vT/( ) z z kvT s/ =

h = idem ( )z z Rz cTv vT p1 / k z zs vT Tv/ 1 1 /[ ( ) ]

T = idem — 0 z zvT /

p = idem 0 0

v = idem — z zT v/

Source: Gorski, J. and Chemielniak, T., 1993.
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It is clearly evident that in an ideal gas case, according to Equation (3.13), and 

other well-known principles of thermodynamics, all coefficients appearing in the 

above presented relations are constants and can be directly introduced into the inte-

gral forms of Equation (3.24) and Equation (3.25).

3.4 DETAILED SIMULATION OF A ZERO EMISSIONS
POWER CYCLE ON PURE CARBON DIOXIDE

This section is aimed at describing a zero emissions quasi combined cycle, 

taking into account accurate data on CO2 thermodynamic properties described in 

Section 3.1, and cooling the turbine blades and vanes. Oxygen supply is assumed 

from an external cryogenic air separation unit (ASU). Working substance is assumed 

as pure carbon dioxide. There are two principal problems with multistage compres-

sion and expansion of CO2. First is the calculation of thermodynamic properties of a 

working medium and prediction of the cycle performance. Second is a detailed study 

of high-density flows in compressor/turbine stages and their influence on design cri-

teria of turbomachinery (similarity parameters and mechanical constraints).

Discussed here are some thermodynamic aspects of CO2 compression/expansion 

and a drop in a thermal efficiency caused by the imperfection of working fluid and 

associated losses (Yantovsky et al., 2002). In the modified arrangement of this semi-

closed CO2 cycle, see Figure 3.2, four large axial/centrifugal compressors (I/II/III/

IVC) with cooling heat exchangers, two combustion chambers (CC1/CC2), ASU, 

oxygen compressor (OXC), regenerative heat exchanger (RHE), and three turbine 

stages (HPT/MPT/LPT) are considered. Carbon dioxide is cooled in the interstage 

FIGURE 3.2 Scheme of modified zero emissions carbon dioxide supercritical cycle 

(Yantovsky et al., 2002). HPT/MPT/LPT  high/mean/low pressure turbine; I/II/III/IVC  CO2

compressors; OXC  oxygen compressor; CC1, CC2  combustion chambers; ASU  air separa-

tion unit; RHE  recovery heat exchanger. (From Yantovsky et al., 2002. With permission.)
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heat exchangers up to an initial temperature T1 30°C after each stage compression 

(I, II and IIIC). In such cycle arrangement, a large amount of low-grade heat (300–

500 kJ/kg at 140–160°C) can be extracted from the compressor coolers and used for 

a central district heating system.

The maximum pressure in the cycle P3  300–310 bars will be achieved in the last 

IVC stage without cooling of the CO2 stream because of a very small temperature 

growth (30–40°C). In our calculations, the amount of total energy consumption in 

the ASU equal to 780 kJ/kg O2 is assumed. An expansion of high enthalpy CO2 in 

LP turbine from P10  10 bars to P11 P1 allows the use of its energy for reheating 

of CO2 before and after HP turbine in the RHE; see Figure 3.2. The back-pressure 

P9  40–60 bars in MP turbine is regarded variable as well as the minimum pressure 

in the cycle P1  1–5 bars.

In order to gain a good cycle performance, i.e., high thermal efficiency th and the 

net unit power ln Ne/m, the combustion of compressed fuel and oxygen in combustion 

chambers CC1 and CC2 takes place at the temperatures T8 T10  1200–1450°C and 

efficiency b  0.98. A hypothetical pure carbon fuel (heating value: QL 30 MJ/kg) 

has been assumed to avoid other components in the combustion products apart from 

carbon dioxide. Such a turbine inlet temperature (TIT) range needs to apply an 

advanced MPT/LPT cooling system and significantly affect the turbine characteris-

tics. The turbine cooling streams MP, LP and the amount of CO2 removed from the 

cycle (in percent of main stream) have been assumed as the bleed flow in compressor 

IIIC; see Figure 3.3. The corresponding TIT in HP turbine will be regarded as high 

FIGURE 3.3 Turbine cooling flows. A—an optimistic variant, B—the most probable case, 

C—pessimistic variant. (From Yantovsky et al., 2002. With permission.)
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as: THP 550–850°C, depending on the operating conditions of RHE and its effi-

ciency. The above conditions were essential in calculating the effectiveness of energy 

conversion processes in principal turbomachinery and other cycle components.

For an assumed level of polytropic/isentropic efficiency, pressure ratio, and mass 

flow in each compressor stage, it is possible to obtain the final parameters as well as 

the compression/expansion work and other characteristics based on a realistic model 

of CO2 properties.

The simulation of CO2 compression was performed by using virial equation of 

state (EOS) proposed by Altunin and Gadetskii (1971). An application of the VCD 

method (Gorski and Chmielniak, 1993; Gorski, 1997) to calculate CO2 properties 

and compressor performance exhibits a large discrepancy between an ideal gas 

model and the real one. These differences are non-negligible in the prediction of 

energy consumption in the final two compressors, i.e., in the region of supercritical 

pressures (the error exceeds more than 20% in the compressor IIIC and 200% in the 

last IVC).

The total energy consumption of CO2 compressors mainly depends on their effi-

ciencies and an initial pressure P1 in the cycle; see Table 3.3. An isentropic effi-

ciency of the last (IVC) compressor is assumed IV  0.80 and for other stages I, II,

III  0.85. The pressure losses in the pipelines and heat exchangers were taken into 

account (up to 2–3% of an inlet pressure). It is easy to show that the largest discrep-

ancy between an ideal and real gas model of CO2 properties can be observed at its 

final temperature and enthalpy in the outlet of each stage.

The tools and methods presented in Section 3.2 and Section 3.3 are essential for 

preparing a complete model of the cycle based on energy/mass flow balances for 

each element and the state parameters at the node points.

The supercritical zero emissions ion transport membrane oxygen power (ZEITMOP) 

cycle deals with very high pressures and temperatures. At these conditions, an ideal gas 

model, using simple isentropic compression and expansion cannot be applied because 

of real gas effects associated with nonideal gas compression and expansion processes. 

TABLE 3.3
Comparison of an Ideal/Real Gas Work for CO2 Compression

Initial Pressure of CO2 in the Cycle, P1 [bar]

CO2 Compression Work, ll[kJ/kg] 1.0 2.0 3.0 4.0 5.0

Isentropic processa:  ls
id 382.7 324.9 299.2 278.6 262.8

Polytropic processa:  l id 456.7 394.0 358.4 334.1 315.6

Isentropic processb:  ls
314.1 252.0 224.2 211.2 201.9

Polytropic processb:  lc
371.5 298.4 266.0 250.6 239.7

a CO2 – ideal gas, cp/cv 1.3;
b CO2 – real gas, Altunin’s EOS (Altunin and Gadetskii, 1971).

Source: From Yantovsky et al., 2002. With permission.
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Therefore, there was a need to develop analytical equations for polytropic expansion 

and compression for sequences of turbines and compressors, respectively.

In the following analysis, thermodynamic properties of CO2 have been obtained 

from the virial EOS (Altunin and Gadetskii, 1971) and the data on specific heat cp
id

(T), given by:

z z T
P z

T
b Tr r

r c

r r
i j r

i
r

j

ji

( , ) 1

0

5

1

6

, and ,id

0

4

c c Tp i
i

i

(3.27)

where Pr P/Pc,  etc., bij, ci—constants, Pc, Tc, c, zc—parameters at the critical 

point.

The developed PC computer code allows finding all the additional and necessary 

data for CO2. This code applies basic rules of calculation to the properties of gases 

(Walas, 1985) and the VCD method (Gorski, 1997) to improve them.

The conditions of turbine cooling correspond to the maximum TIT in the MPT 

and LPT turbines and limit both the net useful power and overall cycle performance. 

A consistent set of system studies reexamined this question in a reference to the ear-

lier works (Yantovsky, 1995, and Mathieu, 1998). We examined three principal mode 

assumptions on the relation between turbine efficiency and relative cooling flows MP

and LP: Case A (an optimistic one) corresponds to the approximate data on aero-gas 

turbines presented by Mattingly et al. (1987). An actual average set of these data 

serves to formulate Case B. The last one, Case C, gives rather a pessimistic prognosis 

for turbine efficiency decrement at high cooling flow requirements. These trends are 

presented in Figure 3.4 and Figure 3.5.

FIGURE 3.4 The assumed forms of HPT/MPT/LPT turbine efficiency variation.

87916_Book.indb   88 3/26/09   12:19:02 PM



© 2009 by Taylor & Francis Group, LLC

Zero Emissions Quasicombined Cycle with External Oxygen Supply 89

It is evident that, at the specified conditions in the basic node points and accom-

panying losses in the system components, the thermal efficiency of the cycle and 

normalized net turbine power should exhibit the optimum values with respect to TIT 

(T8 and T10). We were testing this tendency for previously obtained various condi-

tions of the HPT/MPT/LPT turbine operation and additional results from simulation 

of compression processes as well as mentioned data on cooling effects.

Based on this information and the HPT/MPT/LPT efficiencies and cooling flows 

for Cases A, B, and C, the global quality coefficients of the cycle have been found. 

These results are exposed in Figure 3.5 through Figure 3.8, where the symbols: 1 to 6, 

and (I), (II), (III) correspond to the parameters presented in Tables 3.4 and 3.5. A 

comparison of obtained results and previous data presented by Yantovsky et al. 

(1995) and Mathieu (1998), shows that at comparable conditions, the overall cycle 

efficiency will be rather less optimistic; see Figure 3.5, curves I and A1. In Figure 3.6,

symbols 1–6 exhibit the changes between thermal cycle efficiency th with respect to 

the net unit power ln, kWs/kg.

It is clear (see Figure 3.5 through Figure 3.8) that optima thermal efficiency and 

net unit power in the cycle are close to the TIT equal to 1350–1450°C. It is the con-

sequence of the blade cooling flow increase.

There is a great influence of the lowest pressure P1 on the attainable cycle effi-

ciency and useful net turbine power. Additionally, the particular values of cycle 

FIGURE 3.5 Obtained thermal efficiency of closed CO2 cycle in comparison to the data 

(Yantovsky et al., 1995). I—previous data of Yantovsky et al. (1995); A1—data correspond-

ing to an optimistic turbine cooling case: A and the pressure range: 1/10/40/300 [bar]; 

A2—as before but the pressures are: 2/10/50/300 [bar]; A3—the pressure range in the cycle: 

3/10/60/300 [bar].
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performance parameters depend on the assumed level of turbine efficiencies and tur-

bine cooling flow, as shown in Figure 3.5 through Figure 3.8.

The range of obtained values involves the necessity of searching for a compro-

mise between thermodynamic performance of the cycle and some important fluid 

dynamics conditions. One can notice that it is better to chose P1 > 1 bar in order to 

avoid (at the given mass flow) a large cross section of the first compressor stage as 

well as the last turbine stages. At the same time, we can maintain a low stress range 

in the rotating turbomachinery components and restrict the size of the recuperator.

The detailed study of zero emissions CO2 supercritical cycle based on the real gas 

model showed a great influence of design parameters on the main components and 

cycle performance.

TABLE 3.4
Data Set Utilized in the Cycle Simulation and Symbols Displayed 
in Figure 3.6

State Parameter
Temperature TIT
         [ C]

Symbol

1 2 3 4 5 6

THP T5
   550    600    650    700    750    800

TMP T8
1,200 1,250 1,300 1,350 1,400 1,450

TLP T10
1,200 1,250 1,300 1,350 1,400 1,450

Turbine Pressure Ratio
             [bar]

Symbol

(I) (II) (III)

HP P5 /P6
300/40 300/50 300/60

MP P8 /P9
40/10 50/10 60/10

LP P10 /P11
10/1 10/2 10/3

TABLE 3.5
Selected Data Used in the Cycle Simulation

State
Parameter

Cycle Node Point

1 2 3 5 7 8 10 11 12

Temperature, °C 30   30 65 550–850* # 1250–1450* 1250–1450* # 80

Pressure, bar 1–3* 84 210 300 4–62 40–60* 10 1–3* 1–3

Note: *range of assumed data,  approximate values, # unspecified before the calculation.

Source: From Yantovsky et al., 2002. With permission.
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FIGURE 3.6 Thermal efficiency vs. net unit power of the cycle (Case B) (From Yantovsky et al., 

2002. With permission).
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FIGURE 3.7 Thermal efficiency vs. maximum temperature of the cycle. B1—data corre-

sponding to the pressure range: 1/10/40/300 [bar] and turbine cooling Case B; B2—the same 

cooling conditions, but pressure range: 2/10/50/300 [bar]; B3—as above, and pressure range: 

3/10/60/300 [bar]. (From Yantovsky et al., 2002. With permission.)
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For a proper selection of the HPT/MPT/LPT turbine inlet conditions and the low-

est pressure in the cycle, it is necessary to take into account the cooling streams and 

associated non-negligible thermal and hydraulic losses.

In order to get a high thermal efficiency and a great net useful power in a quasi- 

combined CO2 cycle, the optimum TIT at MPT and LPT turbine should be 1350 to 

1450°C.

The simplified model of combustion processes and assumed working medium 

(pure CO2) is a good predictor of the performance of this zero emissions power 

cycles. An interesting indication of future developments is the coal gasification pro-

cess by oxygen and CO2 without steam, when our assumption on pure carbon fuel is 

a good approximation.

Furthermore, it should be mentioned that such a closed cycle is capable of sup-

plying a great amount of useful heat applicable to district heating systems. Their 

estimated value is close 500 kJ/kg CO2 at the temperatures of heating medium 

130 to 150°C. In view of the lack of any stack gases, this is an attractive option for 

urban cogeneration.

An application of virial EOS and the VCD method allows for more effective com-

pilation of the results of expansion/compression processes in high-pressure units. 

The results are comparable to the experimental data (a mean error in the prediction 

of thermodynamic properties not exceeding 0.8%).

FIGURE 3.8 Thermal efficiency vs. maximum temperature of the cycle (Case C). C1—data 

are corresponding to the pressure range 1/10/40/300 [bar] and turbine cooling Case C; C2—as 

before, but the pressure range is: 2/10/50/300 [bar]; C3—cooling Case C and pressure range: 

3/10/60/300 [bar]. (From Yantovsky et al., 2002. With permission.)
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4 Oxygen Ion Transport 
Membranes

4.1 NERNST EFFECT

In 1899, Walter Hermann Nernst observed the current of oxygen molecules through 

dense ceramics, when somewhat heated. The current of oxygen was similar to the 

current of electrons in metals under an electrical potential difference. The par-

tial pressure of oxygen played the role of electrical potential. Some years later, 

he discussed this with Albert Einstein, and this resulted in the Nernst-Einstein 

formula:

j
RT

L nF

P

PO
i O

O
2

2

2
4 2( )

.ln (4.1)

Here jO2
 is the oxygen flux, F is Faraday’s constant, L is the membrane thickness, 

n is the charge of the charge carrier (n  2 for oxygen ions), R is the universal gas 

constant, T is the absolute temperature, PO2
 is the oxygen partial pressure at the feed 

surface of the membrane, PO2
 is the oxygen partial pressure at the permeate surface 

of the membrane, and i represents the material conductivity. This expression clearly 

identifies the natural logarithm of the oxygen partial pressure ratio as the driving 

force for the oxygen flux.

An oxygen ion transport membrane (ITM) is a ceramic membrane made of one 

of the materials that conducts oxygen ions. They typically have perovskite or fluorite 

molecular structures, and contain oxygen ion vacancies, i.e., a hole in the molecular 

structure where an oxygen ion fits. When oxygen ions are excited, they can travel 

through the structure by leaping from vacancy to vacancy. As the membrane is a 

dense, impermeable ceramic, no gas can pass through, so the overall effect is one 

of a material that is permeable to oxygen and no other substance. Bouwmeester and 

Burggraaf (1997) explain the operation of an ITM:

Dissociation and ionization of oxygen occurs at the oxide surface at the high pressure 

side (feed side) where electrons are picked up from accessible (near-) surface elec-

tronic states. The flux of oxygen ions is charge compensated by a simultaneous flux of 

electronic charge carriers. Upon arrival at the low-pressure side (permeate side), the 

individual oxygen ions part with their electrons and recombine again to form oxygen 

molecules, which are released at the permeate side.
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To be certain, the ITM reactor description by R. Allam (2000) from Air Products 

is given:

The ITM oxygen process uses nonporous, mixed-conducting, ceramic membranes 

that have both electronic and ionic conductivity when operating at high temperature, 

typically 800–900°C. The mixed conductors are inorganic mixed-metal oxides (e.g., 

perovskites such as (La,Sr)(Fe,Co,Cu)O3-d) that are stoichiometrically deficient of 

oxygen, which creates oxygen vacancies in their lattice structure. Oxygen from the air 

feed adsorbs onto the surface of membrane, where it dissociates and ionizes by electron 

transfer from the membrane. The resulting oxygen anions fill vacancies in the lattice 

structure and diffuse through the membrane under an oxygen chemical-potential gra-

dient, applied by maintaining a difference in oxygen partial pressure on opposite sides 

of the membrane. At the permeate surface of the membrane, the oxygen ions release 

their electrons, recombine, and desorb from the surface as oxygen molecules. An elec-

tronic countercurrent accompanies the oxygen anion transport, eliminating any need 

for an external circuit. The separation is 100% selective for oxygen, in the absence of 

leaks, cracks, flaws, or connected through-porosity in the membrane.

Then, it is indicated that productivity of ITM is planned from 5 ton/day to 50 ton/

day and commercialization is expected in the 2005 to 2007 time frame. Here, we 

stress the 50 ton/day O2 capacity which is needed for a power unit of about 5 MW. 

(For recent data see Figure 7.16).

As the driving force is the partial pressure difference, the pure oxygen can be pro-

duced, as long as the total pressure on the permeate side is lower than the oxygen partial 

pressure on the feed side. If air is the feed gas, as is typically the case, this means the 

pressure on the permeate side must be less than 1/5 of the pressure on the feed side. By 

diluting the permeate, i.e., using a sweep gas, the oxygen partial pressure ratio can be 

increased without the need for a high total pressure differential across the membrane. If 

an oxygen-consuming reaction occurs at the permeate side, the oxygen partial pressure 

ratio is higher still. The question as to which is better, a separate membrane reactor 

to produce “artificial air” (oxygen with carbon dioxide or water vapor) and a separate 
combustion chamber, or combined air separation and combustion in the permeate side, 

is still to be determined. This question can only be answered by future tests. Some com-

parisons by computer simulation of both versions are given in Chapter 6.

One of the first papers to describe various schemes for adopting ion transport 

membranes for use in power production was Dyer et al. (2000). Oxygen production 

using membrane separation technology for gas-steam power production and inter-

nal gasifier integration were described. The authors have not used a sweep gas to 

remove the oxygen from the permeate side of the membrane, and instead used the 

pure oxygen in a coal gasifier. The resulting gas is combusted in air, and the exhaust 

is released into the atmosphere, so this is not a zero emission power plant (ZEPP).

ITM reactors have many design problems, but stability is a crucial one. Oxygen 

flux is inversely proportional to the thickness and manufacturers are currently mak-

ing membranes of the order of tens of micrometers thick. These thin dense mem-

branes must be supported on a porous substrate, particularly if there is a difference 

in pressure ratio across the membrane. The porous substrates may be made of the 

same or similar material to the membrane, i.e., ceramic. But the reactor operates at 
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high temperatures, which can cause porous ceramic to sinter, reducing the porosity 

and hindering performance. Van der Haar (2001) reported that:

Mechanical tests of the porous perovskite support reveals that these could endure an 

absolute pressure difference of about 30 bar … application of the supports at tempera-

tures close to 1000°C will reduce its porosity due to non-negligible sinter activity at 

these temperatures.

These mechanical problems are currently being addressed by a number of com-

panies and research groups around the world.

We would like to present technical information about currently available ITM reac-

tors. However, the main characteristic of any reactor which is crucial for its size and 

cost, is the achieved oxygen flux jO2
. No manufacturers are currently publishing this 

information. Instead, they are giving information such as the relative increase in oxygen 

flux during development, or describing the overall size of a reactor in general terms.

Foy and McGovern (2005) compared published data from laboratory tests for a 

number of different ITM materials. Most of these tests were performed on relatively 

thick samples on the order of 1 mm. As mentioned above, manufacturers are cur-

rently working with thicknesses of tens of micrometers. Table 4.1 shows the materials 

compared, and Figure 4.1 and Figure 4.2 show the results of the comparison. P1 is 

the oxygen partial pressure on the feed side and L is the thickness. The unit of flux is 

1 μmole/cm2 s [  0.32 g/m2 s].

Lawrence Livermore National Laboratory developed a global description of the 

oxygen permeation through dense ceramic membrane (Pham, 2002). This theory 

predicted that:

Oxygen flux as high as 100 ml per sq.cm  min is possible if the surface of the mem-

brane is coated with a high surface area catalyst layer.

TABLE 4.1
ITM Materials Compared by Foy and McGovern (2005)

Name             Formula Author Year

BBCF BaBi0.4Co0.2Fe0.4O3-d Shao et al. 2000

BCF BaCe0.15Fe0.85O3-d Zhu et al. 2004

BSCF Ba0.5Sr0.5Co0.8Fe0.2O3–d Wang et al. 2002

BTCF BaTi0.2Co0.5Fe0.3O3-d Tong et al. 2003

CLFC Ca0.6 La0.4Fe0.75Co0.25O3-d Diethelm et al. 2003

LCF La0.4Ca0.6FeO3-d Diethelm et al. 2003

LCFC La0.6Ca0.4Fe0.75Co0.25O3-d Diethelm et al. 2004

LSC La0.5Sr0.5CoO3-d Van der Haar 2001

LSCF La0.6Sr0.4Co0.2Fe0.8O3-d Shao 2003

LSGF La0.15Sr0.85Ga0.3Fe0.7O3-d Shao 2003

LSGF-BSCF La0.15Sr0.85Ga0.3Fe0.7

O3-d Ba0.5Sr0.5Fe0.2Co0.8Fe0.2O3-d

Wang et al. 2003
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The limit mentioned here is about 23 g/m2s. In contemporary design, many 

authors assume a membrane flux of 1 g/m2s (3.125 μmole/m2s).

4.2 OXYGEN ION TRANSPORT MEMBRANE REACTORS FOR ZEPPS

The largest element of the AZEP cycle is the membrane reactor. This large ceramic 

module operates at temperatures of 1250ºC. Air heaters for coal powder-fired air tur-

bines are another example of large ceramic bodies at high temperatures. After many 

FIGURE 4.2 Actual non-normalized fluxes for membranes with different physical thick-

nesses. The names are listed in order of decreasing flux (Foy and McGovern, 2005). Here, 
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decades of work, these air heaters are still a problem. It is possible that development 

of an integrated OITM/combustion chamber might be more difficult than develop-

ment of a CO2 turbine. The current design of the module is shown in Figure 4.3. 

Combustion chambers and ITM modules are incorporated into the same chamber.

The reactor temperature is controlled by the temperature of combustion. The fra-

gility of the materials under consideration means that the temperature of the com-

bustion must be relatively low (less than 1250°C). Such a low temperature results in 

a relatively low efficiency. In addition to this, the AZEP group has identified staged 

combustion using partial catalytic oxidation as the optimum method of achieving 

low temperature complete combustion (Sundkvist et al., 2004). This complicated 

method of combustion brings its own engineering challenges.

The ITM modules are based on an extruded ceramic structure shown in Figure 4.4. 

MCM, or mixed conducting membrane, is the ITM material.

The extruded ceramic is a porous support, which is coated with a dense mem-

brane, as shown in Figure 4.5.

Further development of the AZEP reactor is reported by Selimovich (2005). This 

paper gives comprehensive information on many aspects of the reactor development. 

Many of the engineering challenges for the reactor are similar to those faced by heat 

exchanger designers, for example, improving the surface to volume ratio. Dealing 

FIGURE 4.3 Design of ITM reactor for AZEP cycle (Sundkvist et al., 2004).
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with nonuniform flow distribution is a headache for all designers of chemical and 

nuclear reactors, and the AZEP reactor is no exception. Selimovich (2005) gives 

detailed information on the various options under consideration for the solution of 

these problems. He identifies counterflow as more effective than co-flow, which is 

in accordance with heat exchanger theory, and also presents data on ITM materials. 

Table 4.2 shows comprehensive data on the reactor development. Note the oxygen 

partial pressure at the inlet is 20.7 kPa, implying that the inlet air is at atmospheric 

pressure. The operation pressure is defined as 10 bars. Tests have shown that the sys-

tem operates as expected to a pressure of 10 bars and a temperature of 900°C.

In addition to the engineering challenges inherent in the design of the unit, the 

reactor also has high maintenance costs. It seems likely that the ceramic parts will 

have a life of 2.5 to 7.5 years.

FIGURE 4.5 Porous support with dense membrane (Sundkvist et al., 2004).

FIGURE 4.4 Design of ITM reactor for AZEP cycle (Sundkvist et al., 2004).
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Renz et al. (2005) presents detailed information on the design of the membrane reac-

tor for the Oxycoal-AC cycle. Mechanical stability of the ceramic is again provided by 

using dense membranes on porous supports. Two shapes are compared—tubular mem-

branes with cross-flow and planar membranes with counter-flow, as shown in Figure 4.6 

and Figure 4.7. Detailed information on pressures and temperatures in the unit is pre-

sented, along with calculations showing stress in the ceramic (Renz et al., 2005).

In recent years, a small (1 m2 of an active surface) prototype of ITM reactor has 

been designed and tested. It is made of BSCF ceramic tubes in the joint work of 

RWTH Aachen; see Figure 4.8. The measured and published data on oxygen flux are 

more representative than measured on a small, coin-sized samples.

The tests (Figure 4.9) vividly show the oxygen flux versus temperature by differ-

ent pressures and unsatisfying tolerance to CO2.

BSCF ceramic is an oxide of barium, strontium, cobalt, and ferrum; see Figure 4.1 

above. It is possible to compare the data of RWTH with the upper line of Figure 4.2 

which reflect other measurements in the same ceramic tubes. In most engineering 

TABLE 4.2
Technical Data for AZEP Reactor

Temperature of inlet air (MCM) 700 C

Temperature of inlet sweep (MCM) 1000 C

Operation pressure 10 bars

Oxygen partial pressure (inlet air side) 20.7 kPa

Oxygen partial pressure (inlet seep side) 0.8 kPa

Hydraulic diameter (square channel) 2 mm

Wall thickness 0.6 mm

MCM length 0.4

Number of repeating units 500

Porosity (porous support) 0.32

Tortuosity factor (porous support) 2.2

Source: Selimovich, F., 2005.

FIGURE 4.6 Possible structures for membrane rector in Oxycoal-AC cycle (Renz et al., 

2005). Dichtfläche  sealing surface; Luft  air.
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projects, the unit of flux is 1 g/m2  s (gram per square meter and second). The per-

meation unit in Figure 4.9 is 1 ml/cm2  min  0.238 g/m2  s, whereas in Figure 4.2, 

it is 1 μmole/cm2  s  0.32 g/m2  s. In the lower point by 650°C, we have 0.238 

0.5  0.119 and 0.32  0.5  0.16 g/m2  s. In the upper point by 900°C, we have 0.64 

FIGURE 4.7 Membrane tested for Oxycoal cycle (Renz, 2004).

FIGURE 4.8 ITM prototype reactor made of BSCF ceramic tubes (RWTH Aachen).
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and 0.32 g/m2  s. The agreement is quite good. It supports the trust in measurement 

by coin-sized samples.

4.3 CHEMICAL LOOPING COMBUSTION

Knoche and Richter (1968) proposed using metal as a carrier for oxygen to increase 

combustion efficiency. Metals would be oxidized using air, and the metal oxides would 

then be reduced by a fuel in a separate chamber. Although the aim of Knoche and 

Richter was to increase combustion efficiency, this method of combustion, now called 

“chemical looping combustion,” provides a means of zero emissions combustion.

Ishida developed and experimentally proved this concept for zero emissions 

(Ishida and Jin, 1998). A number of research groups are investigating chemical 

FIGURE 4.9 Tests of BCFC ceramics at different operating conditions (RWTH Aachen).
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looping combustion and it is currently at the laboratory scale. Leithner et al., (2005) 

show a schematic, reprinted here as Figure 4.10, for a coal or biomass fired cycle 

using nickel as the oxygen carrier.

Leithner notes that this concept is similar to that of oxygen transport using oxy-

gen ion transport ceramics. He demonstrates this with a similar schematic using a 

membrane instead of the metal oxide subsystem, shown in Figure 4.11. This cycle 

concept is the same as the Milano cycle (Romano et al., 2005) or the Oxycoal 

cycle (Renz et al., 2005). The use of ceramic membranes instead of metal oxides 

removes the need for two of the circulating fluidized bed reactors. Use of mem-

branes is currently at a more advanced stage than chemical looping combustion. 

Tortuosity, described as the increase in combustion efficiency using chemical loop-

ing which sufficiently compensates for the greater mechanical complexity of the 

cycle, remains to be seen.

There is some commercial interest in chemical looping combustion. The U.S. 

Department of Energy has granted funding to a group, who are using flue gas recy-

cling to burn coal in a mixture of oxygen and flue gas (Anna, 2005).

Perovskite is an oxygen ion transport ceramic used in ion transport membranes, 

but it seems that BOCs are using perovskite as the oxygen carrier in a chemical 

looping system. Use of ion transport ceramics instead of metal oxides in chemical 

looping is an interesting new development.

FIGURE 4.10 Coal or biomass fired zero emissions cycle using metal as the oxygen carrier 

(Leithner et al., 2005).
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5 The ZEITMOP Cycle 
and Its Variants

5.1 THE ZEITMOP CYCLE WITH SEPARATE ITMR 
AND COAL-POWDER FIRING

The schematic of the power cycle is presented in Figure 5.1 and is similar to the gas-

fired version; see Figure 2.14 in Chapter 2. Ambient air enters compressor 1 which, 

following compression, is heated up to approximately 800 to 900°C in heat exchanger 

3 by the flue gases exiting turbine 6. The hot pressurized air then enters the ITM 

oxygen ceramic, 4, which separates the air into a relatively high pressure oxygen-

depleted air stream and pure oxygen, the latter penetrating the membrane and mixing 

with the CO2 flow exiting turbine 9. The flow of swept oxygen and CO2 forms an 

oxidizer for the fuel gas entering combustor 7. The hot pressurized oxygen-depleted 

air stream leaving reactor 4 is expanded in turbine 5 before being discharged to the 

atmosphere. The flue gas mixture of CO2 and H2O exiting combustion chamber 7 

(at approximately 1300–1600°C) is expanded in low pressure turbine, 6, before being 

cooled in exchanger 3, recuperator 10, and cooling tower 13. At ambient tempera-

ture, the water in the flue gas mixture is in liquid form while the CO2 remains gas-

eous. The bulk of the water, therefore, is deflected out of the cycle in 12. Almost pure 

CO2 enters the multistaged inter-cooled compressor, 11, where a fraction of highly 

compressed (200–300 bars), supercritical or liquid CO2 is deflected out of the cycle 

in 14 to be sequestered. The major portion of the CO2 is heated in 10 before being 

expanded in the high pressure turbine, 9, down to approximately 15 to 40 bars. The 

CO2 then enters the permeate side of 4 to sweep oxygen.

In order to protect turbine 6 and the heat exchangers from erosion, a system for removing 

liquid ash and alkali is employed, proven by Förster et al. (2001) (VGB Power Technology 

2001, No. 9). A similar system could be used for the combustion of residual oil.

The ITM ASU should not deviate from the projected performance of Air Products. 

The company aims to produce 50 t O2/day in the near future. Below is described a 

membrane separation unit in a new zero emissions power cycles, which has never 

been outlined by Air Products.

Some results of the calculations for a separate ITM ASU are as follows (Yantovsky 

et al., 2003a):

Membrane thickness, 20 micrometers; electrical conductivity, 1/ohm m;

temperature, 1193 K; O2 production rate, 4 kg/s; air mass flow rate, 25 

kg/s; air pressure, 25 bars; O2 pressure in feed, 5.25 bars; N2 pressure in 

feed, 19.76 bars.
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Inside reactor on air side: mass flow rate, 21 kg/s; total pressure 21.4 bars; 

N2 pressure, 19.76 bars; O2 pressure, 1.63 bars; percent of O2 depletion, 

68.8%.

Inside reactor on permeate side: O2 pressure, 1 bar; ratio of O2 partial pres-

sures, 1.63; (therefore: ln1.63  0.49); O2 flux  0.0522 g/m2 s; surface area 

required, 76,700 m2; volume requirement 7.2 7.2  7.2 m3  373.2 m3.

5.2 GAS-FIRED ZEITMOP VERSION WITH COMBINED 
ITMR AND COMBUSTOR

Apart from pure O2 production, the ITM unit is also used in industry for syngas 

production according to the chemical reaction:

CH O CO 2H
4 2 2

1

2
(5.1)

Syngas, CO and H2, are saleable products, the raw material for numerous chemi-

cal syntheses. Its production is examined in detail by Ritchie et al. (2004). The most 

general analysis is made by Korobitsyn et al. (2000) in ECN. A reactor operating 

temperature of 1121°C and an operating pressure of 27 bars, for a methane con-

version rate higher than 95%, were assumed in the calculations. The oxygen flux 

FIGURE 5.1 ZEITMOP power cycle (using pulverized coal) with separate combustion and 

ITM reactor. 1-air compressor, 2-synchronous electrical machine, 3-heat exchanger (recu-

perator), 4-ITM reactor, 5-depleted air turbine, 6-CO2 H2O turbine, 7-combustor, 8-liquid 

ash and alkali removal, 9-CO2 turbine, 10-recuperator, 11-CO2 compressor, 12-water separa-

tor, 13-cooling tower, 14-CO2 release.
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through the membrane was 10 Nml/cm2 min  2.3 gO2/m
2  s. If such a flux were 

to be achieved in the above mentioned ITM separation unit, its dimensions would be 

(2.3/0.0522)1/3  3.47 less for each dimension, i.e., about 2.1  2.1  2.1 m3  9.26 m3.

The essence of this application is a further step in the oxidation of methane: its 

complete oxidation:

CH O CO 2H O
4 2 2 2

2 (5.2)

In contrast to the reaction in Equation 5.1, which is an endothermic reaction, 

Equation 5.2 is exothermic. It is a well-known reaction for the combustion of methane. 

In contrast to the ordinary combustion chambers of gas turbines or piston engines, 

the use of an ITM unit prevents the combustion products, CO2  H2O, from being 

diluted with nitrogen. At ambient temperature, water in liquid form can easily be 

separated from the gaseous CO2. As the latter forms the working fluid of the quasi- 

combined zero  emissions cycle, the deflection of a fraction (5–10%), of this highly 

compressed gas flow for subsequent sequestration, does not present any difficulty.

For the selection of the ceramic membrane material and oxygen flux evaluations, 

the detailed research results of ten Elshof (1997) are used. For the ITM combus-

tor (i.e., reactor) configuration, the well-documented shell-and-tube configuration 

is used; see Figure 5.2. The tubes are made of a porous refractory ceramic such 

as alumina, Al2O3. The mixed conducting ceramic membrane is sprayed onto the 

porous substrate. Many such thin film deposition technologies are known and more 

are under development. The thickness of the porous alumina wall is approximately 2 

to 3 mm, while the thin-film membrane layer is on the order of tens of micrometers. 

The proposed scheme of a zero emissions power plant with an ITM combustor is 

presented in Figure 5.3.

FIGURE 5.2 ITM reactor-combustor (similar to Figure 4.8).
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Air enters compressor 1 and heat exchanger 3 and, after reaching the required 

pressure and temperature, enters the shell (feed) side of combustor 4 7. After losing 

some oxygen and being heated to a higher temperature due to the heat supply from 

the tube side, the oxygen-depleted air flows through exchanger 3 and air turbine 5, 

driving the air compressor. The O2 depleted air is released into the atmosphere with-

out any harm. It is free of any contaminant.

Inside the membrane-coated tubes, the mixture of fuel gas from 8 and re-circulated 

CO2, enters from the left, both at the required pressures and temperatures to absorb 

the oxygen flux passing through the tube wall. Near the tube wall surface, the diffused 

oxygen reacts with the methane fuel, increasing the gas temperature. On the right-

hand side of the ITM combustor, mirroring the exit of an ordinary combustor, the 

combustion products, CO2 and H2O, are at a higher temperature than at the entrance. 

The chemical energy of the methane is converted into the thermal (internal) energy of 

the combustion products. The combustion products are then expanded in turbine 6 and 

FIGURE 5.3 The ZEITMOP cycle with combined ITM reactor and combustor.
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give up heat to the recuperator, 10, before being cooled in cooling tower 13, allow-

ing water to be separated from the CO2 in 12. Almost pure CO2 is compressed in a 

multistage inter-cooled compressor, 11. The bulk portion is then heated in recuperator 

10 and expanded in turbine 9, the latter driving the CO2 compressor. After expansion, 

the CO2 is at the required pressure and temperature so it can mix with the fuel gas and 

enter the combustor. The electrical devices on all three shafts are synchronous genera-

tors, which may work as motors in starting and transient regimes.

5.3 A ZERO EMISSIONS BOILER HOUSE
FOR HEATING AND COOLING

The diversity of the energy supply required in Europe is dominated by heating, not 

power (i.e., electricity.) The scheme shown in Figure 5.3 can easily be converted for 

the co-generation of heat and power. In practice, however, boiler houses alone pro-

duce the required heat. Boiler houses are responsible for a highly significant portion 

of greenhouse gas emissions. A zero emissions boiler house is outlined in Figure 5.4. 

Such a boiler house can produce cold air as well and uses the same ITM combustor 

as shown in Figure 5.2. It works as follows.

Ambient air enters compressor 1, and is heated in exchanger 3 before entering the 

feed side of the ITM combustor, 4. After flowing along the shell side (i.e., the outer 

tubes) of the ITM combustor, the air loses about 70% of its oxygen content. It is then 

expanded in turbine 5 before being discharged to the atmosphere without causing 

any environmental damage. Compressed fuel gas from 8 is mixed with pure (recy-

cled) CO2 before entering the permeate side (i.e., the inner tubes) of combustor, 4. 

The temperature of the permeate side gases increases as a result of the combustion 

which takes place due to the movement of O2 through the tubes from the shell side. 

The hot gases are first cooled in recuperator, 10, before giving up heat to the hot 

water system in 14 for space heating and then the hot water supply system, 13. The 

temperature of the water entering the hot water system is ambient temperature (i.e., 

approximately 10–15°C). The combustion products of CO2 and H2O are at a pressure 

of about 5 to 20 bars. Water is deflected in 12, while the gaseous CO2 is compressed 

to at least 70 bars in compressor 11. Upon exiting compressor 11, a fraction of the 

CO2 is transferred to be liquified and sequestered while the bulk returns via recu-

perator 10 and turbine 9 to be mixed with the fuel before entering the tube side of the 

ITM combustor 4, thus completing the cycle.

If local cooling is required, some air exiting 1 can be deflected to the air cooler 6 

where it is cooled to ambient temperature. This air is then expanded in combustor 7, 

lowering the air temperature for cooling purposes.

5.4 A TRANSPORT POWER UNIT VERSION USING A TURBINE

This section discusses only turbine units, leaving piston engines to be considered 

in Chapter 7. The emissions from transport engines, especially cars, dominate the 

pollutant mix, particularly in urban areas. The design of a car that produces zero 
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emissions is the most important and most difficult project in relation to efforts to 

protect the atmosphere. The main problems associated with hydrogen-fueled cars 

are a low energy volume of hydrogen and an increase in the NOx formation. The 

mass and volume restrictions of a car engine are also obstacles in the way of using 

an ITM combustor.

The first demonstration units therefore for a zero emissions transport power unit 

should be a ship or a bus engine as the highest possible O2 flux is needed for such 

engines. Good efficiency without the need for large recuperators is possible if high 

FIGURE 5.4 ZEITMOP cycle for trigeneration (power, heat and cooling) (Yantovsky, unpub-

lished works).
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pressures (close to 100 bars) can be sustained on the shell and tube sides of the ITM 

combustor. An engine outline is shown in Figure 5.5.

Ambient air enters the adiabatic compressor 1, before entering the shell side of 

the ITM combustor 4. After being heated by the flue gases on the tube side of 4, the 

oxygen-depleted air expands in turbine 2 before being discharged through the car 

exhaust as a harmless effluent. The combustion products from the tube side (i.e., per-

meate side) of 4 are expanded in turbine 5, then cooled by ambient air in the radiator 

9, de-watered in 12, and finally, the remaining gaseous CO2 is compressed in 13 up 

to about 100 bars. Pressurized liquid CO2 should be stored in a tank to be discharged 

at a gas filling station when new fuel is pumped into the tank 15. The sliding baffle 

is used to keep the CO2 and fuel in separate compartments. The use of compressed 

methane as a fuel allows the easiest implementation of this type of scheme. There 

are many millions of cars in the world today powered by such a fuel. The CO2 from 

FIGURE 5.5 Application of ZEITMOP for transport (Yanovsky, 2006, unpublished works).
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the tank 15 might be sequestered or, better, used for the enhancement of oil or gas 

recovery.

5.5 A ZERO EMISSIONS AIRCRAFT ENGINE

In the not-too-distant future, the concept of an ITM combustor could also be applied to 

produce a zero emissions aircraft. The emissions from aircraft seem negligible when 

compared to the emissions produced by cars. In the future, however, emissions from 

aircraft might be found to pose problems for the high layers of the troposphere.

In relation to aircraft, the main drawback with the ITM combustor solution is the 

much heavier mass of carbon dioxide (compared to that of fuel) that has to be stored and 

carried by the aircraft, thus reducing the possible payload. The mass of fuel on a com-

mercial jet aircraft is typically about 30% of the total aircraft weight. As the mass of 

CO2 will be about three times heavier than the fuel, it would be impossible to carry on 

board such a mass of combustion gases. Perhaps, detachable containers might be used, 

at least for a transatlantic flight, enabling them to be jettisoned from the aircraft when 

flying over the ocean, descending to the ocean floor without any harm to nature.

The aircraft gas turbine engine shown in Figure 5.6 has an ITM combustor embed-

ded within its ordinary aircraft combustor. The heat released from the combustion 

FIGURE 5.6 Zero emissions aircraft engine (Yantovsky, unpublished works).
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reaction taking place inside the tubes heats the compressed air through the walls of 

the tubes. This oxygen-depleted air in the reactive jet stream forms the only emis-

sion from the aircraft. It is completely harmless to the atmosphere. The liquid CO2

is stored in tank 10 and is jettisoned with container 12 on approximately 3 to 5 occa-

sions during a flight across the Atlantic.

5.6 A MEMBRANE SMOKELESS HEATER

Innumerable small fuel-fired heating devices exist, which emit harmful gases into 

the environment. When converted to a zero emissions cycle, such units do not require 

a very high pressure in the cycle. CO2 is required at high pressure only to allow its 

liquifaction. As this case has fewer engineering problems than those mentioned so 

far, it may be used for the first practical demonstration of the ITM combustor. This 

scheme is shown in Figure 5.7. It differs from Figure 5.5 in that it does not have any 

turbine and all the fans, as well as the CO2 compressor, though small, are driven by 

electric motors. The pressure in the ITM combustor, 4, is approximately 1 bar and 

the temperature is 800 to 900°C. Such conditions have been tested extensively by ten 

Elshof (1996) and Ritchie et al. (2004), with the La0.5Sr0.5Fe0.8Ga0.2O3–  membranes 

FIGURE 5.7 Smokeless heating system (Yantovsky and Gorski, 2007, unpublished works).
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spray deposited on porous alumina tubes. The scheme is quite clear, as shown in 

Figure 5.7. Liquid CO2 is stored and collected regularly by the municipal authorities 

to be disposed of as municipal waste.

As the unit produces rather hot air, it might be used for open space heating (e.g., 

a hall), mixing the air with the ambient temperature, if required.

5.7 A ZERO EMISSIONS RANKINE CYCLE

In previous sections, the ITM combustor was under high temperature and pressure. 

This poses significant engineering problems associated with ITM stability and shell 

strength. Of course, high temperatures and pressures are justified in trying to achieve 

high power unit efficiencies.

If we allow the efficiency to be somewhat compromised, we can operate the ITM 

unit under more relaxed conditions, similar to experiments conducted by ten Elshof 

(1996) and others. The proposed scheme is outlined in Figure 2.14.

It is comprised of an ordinary Rankine cycle 4-5–6-7 where steam is raised in 

a boiler 4 by the flow of permeate side flue gases from the ITM combustor 3 at 

ambient pressure and a temperature of about 900°C. After 4, the flue gas mixture, 

CO2  H2O, is cooled in 2 and 8, de-watered in 9, and returned to the ITM combustor 

via a recuperator 2. The pressure in the CO2 loop is almost constant with the selec-

tion of pressure depending upon the particular case under consideration. A fan for 

driving CO2 around the circuit is not indicated in the scheme. Note that as 1 is a fan 

and not a compressor, the temperature rise of the air through 1 will be negligible. 

The O2-depleted air (D-air) leaving 2, therefore, should be quite cool (50–100°C) so 

that any heat loss with this exit stream should be minimal. A fraction of the CO2 is 

deflected, liquified, and sequestered or used elsewhere.

5.8 BOILER INTEGRATED WITH ITM COMBUSTOR

Here, Figure 5.8 is modified to integrate the boiler and the ITM combustor. In con-

trast to the ITM combustor shown in Figure 5.2, which is similar to an ordinary 

shell-and-tube heat exchanger, the scheme shown in Figure 5.8 proposes to combine 

the boiler and ITM combustor by embedding the boiler tubes inside the permeate 

side tubes while accommodating the fuel flow and oxidation.

For the sake of clarity, only one boiler tube is depicted inside one ITM tube, 

all encased by one shell tube. It forms only one module of the Membrane Boiler 

(Memboiler for short). In practice, such a system should contain many modules. The 

cross-section of the shell of the module might not be circular but square or hexago-

nal as depicted in Figure 5.8. A bundle of such hexagonal tubes with the boiler and 

membrane tubes inside forms a honeycomb structure, similar to the honeycomb of 

wind tunnels.

When the fuel gas, CH4, is oxidized as a result of O2 diffusing through the ceramic 

membranes, heat energy is released. This energy release, however, does not result in 
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an increase in the flue gas temperature. Instead, the heat is immediately absorbed 

through the walls of the boiler tubes by the expanding steam. The tube, in fact, works 

as a once-through boiler. As the rate of heat transfer from the flue gases on the per-

meate side will greatly exceed the rate of heat transfer to the shell side, some ribbons 

or baffles should be installed. The baffles might be helical in shape to increase the 

path length of the flow of fuel and permeate gases. Increasing the path length in this 

fashion will help to complete the combustion of the fuel. Helical baffles might also 

be used on the shell side. The baffles should be made of stainless steel and be flexible 

enough (e.g., of semi-circular or “C” cross-section) to withstand any heat-induced 

deformation of the ceramic.
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FIGURE 5.8 Memboiler concept (Yantovsky, unpublished works).
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A slightly different system for a Memboiler has been patented by Praxair. In this 

model, the steam tubes are located not inside the membrane ceramic tubes, but in a 

series, (interspersed) with the flame flow directed across the bundle of tubes.

The air feed system does not require a compressor. The hot O2-depleted air 

exhausted from the system might be used elsewhere. Carbon dioxide (the total flow) 

is de-watered, liquified, and sequestered or used elsewhere. A version of automotive 

cycle AMSTWEG (see Figure 2.24) with ITM tubes in the memboiler is presented 

in Figure 5.9.
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6 Detailed Simulation 
of the ZEITMOP Cycle

6.1 TURBOMACHINERY FOR CARBON DIOXIDE
AS A WORKING SUBSTANCE

The quasi-combined cycle on CO2, calculated in Chapter 3, was supplied with oxy-

gen from an external source, not integrated within the unit schematic. The bottoming 

air cycle here is absent. In this chapter, more rigorous calculations should be under-

taken as the subject, the ZEITMOP cycle, contains an ion transport membrane (ITM) 

oxygen reactor and bottom cycle. The working substance here is not pure CO2 but 

a mixture with a percentage of steam before entering the turbine, which affects the 

thermodynamic properties. As these conditions produce rather high temperatures, the 

working substance is considered a mixture of ideal gases. The process in the com-

pressor, however, is complicated and all the thermodynamic equations of Section 3.1 

should be taken into account.

Gas turbines, compressors, and combustors, applicable for zero emissions power 

plants, require the best flow development achieved up to now in gas turbine tech-

nology. Compared to air, the gas has significantly lower values of the gas constant, 

velocity of sound ( 270 m/s), and the ratio of specific heats. To achieve the dynamic 

similarity with an air compressor, the CO2 compressor should run with approxi-

mately a 25% reduction in the blade tip speed (at the same tip Mach number) and a 

15% increase in the mass flow. Therefore, in comparison with other turbomachinery, 

the CO2 compressors and turbines are very compact and efficient.

It is obvious that highly effective turbomachinery can substantially improve the 

cycle potential. In this section, we will deal with recent data on turbomachinery that 

operate by utilizing CO2 in order to acquire firm data on the attainable isentropic or 

polytropic efficiencies.

Generally, for large power applications, the axial-flow turbomachinery (com-

pressors and turbines) are selected. The main reason for employing axial multistage 

machines is their relatively low volume capacity and less efficiency of the centrifugal 

machines. Another important aspect of turbomachinery design is synchronization 

with the grid and setting of the rotational speed.

In Chapter 2, the work of Keller and Strub (1968) was mentioned on the experi-

ence of Escher Wyss Co. in the CO2 machinery construction. It was a successful 

activity for nuclear energy conversion. Even before, in 1940, D.P. Hochstein pro-

posed CO2 as a substitute for water in the Rankine cycle with an ordinary boiler on 

organic fuel, which led to the Hochstein cycle attracting the attention of the nuclear 

power industry.

For a project of 300 MWe, the power unit in Gong et al. (2006) and the data con-

cerning the compressors is as follows.
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FIGURE 6.1 (a) MAN Turbo 10-stage, 200:1 CO2 compressor, (b) MAN compressor 

RG053/10 and its T-s diagram (10-stages, 200:1, CO2) (www. manturbo.com/en/700/).
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Axial-main compressor at 32°C: mass flow rate 2100 kg/s, fluid density 650 kg/m3,

rotational speed 3600 rpm, diameter 80 cm, number of stages 7 (for 32°C at the inlet), 

discharge pressure 20 MPa, pressure ratio 2.6, and the efficiency 89%. By changing 

the isentropic efficiency of the compressor from 0.70 to 0.85 and the turbine to 0.90, 

the cycle efficiency increases from 43.5 to 46.5%.

This is the data of a centrifugal compressor already tested by Mitsubishi Heavy 

Industries (Sato et al., 2004): type radial, 7 stages, inlet/outlet pressure 0.1/20.3 MPa, 

mean pressure ratio 2.14, suction volume flow 10.3 m3/s or mass flow 21.6 kg/s, 

power input 11.7 MW, discharge gas density 291 kg/m3 by 172.7°C, efficiency 

85%.

The powerful, integrally geared CO2 compressor manufactured by MAN (see 

Figure 6.1) displays a clear T-s diagram showing its work in the supercritical region, 

not transgressing the saturation line, with intercooling after the first seven stages but 

with none for the last three. All other known industrial CO2 compressors contain 

about ten stages.

Recently, a new concept has appeared based on the progress in the design of 

transonic compressor stages for the aeronautical applications. A supersonic com-

pressor can provide a radical reduction of the stage numbers and intercoolers, 

together with mass and cost, and such a system has been the dream of aviation and 

energy engineers since the first flight of the jet aircraft. Now the dream seems to 

be a reality due to the success of Ramgen Power Systems (Lawlor and Baldwin, 

2005).

A diagram of the Rampressor™ is shown at Figure 6.2 and below is a schematic 

of the shock wave which is similar to the entrance of an inlet of a supersonic aircraft 

engine and the Rampressor.

This similarity inspired Arthur Kantrovitz, the head of AVCO Laboratory, to pro-

pose “the supersonic axial-flow compressor” as NACA Report ARC No. L6D02 in 

1946. The main idea of Ramgen is the rotor configuration, which is without blades 

and a rotating system of oblique shocks ended by rather weak normal shock. In such 

a system, the total pressure is almost recovered due to the smooth deceleration of 

the compressible flow. The Rampressor has been tested on air to 21,300 rpm with 

an inlet of about Mach number two. The test results confirmed the calculations to a 

high degree of accuracy. Basic performance parameters of the Ramgen compressor 

and conventional centrifugal machines have been compared by Lawlor et al. (2005); 

see Table 6.1.

It can be seen that the input power requirement for a Ramgen compressor is very 

reasonable and offers the additional net effect of heat recovering of gas compression 

(over 70%), significantly improving the energy economy. Such compressors would 

be less expensive, more compact, and more efficient than competing conventional 

designs.

On the basis of previous work on the Graz cycle development, Jericha et al. (2006) 

presented the design concept for turbomachinery components of 400 MWe net power 

output. This power is derived from a 490 MW turbo shaft unit and the design concept 

for this size is presented with a two-shaft configuration. A fast running compression 

shaft is driven by the high-pressure compressor turbine (HPCT), whereas the power 
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shaft is comprised of the power turbine (HPT) and the low pressure steam turbine 

(LPST).

The CO2 turbines seem to be proven following Escher-Wyss tests and do not pose 

any serious problems but for the ability of materials to withstand high temperatures.

FIGURE 6.2 Rampressor™—A supersonic CO2 compressor and its shock waves system 

(Gong et al., 2006).
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In general, the conclusion is that the equipment for ZEITMOP cycle (compres-

sors, turbines, ITM oxygen reactors) is available, at least for a demonstration plant. 

Figures of isentropic efficiencies for cycle calculations, similar to those assumed in 

the following sections, are quite correct.

TABLE 6.1
Comparison of Ramgen Compressor to Conventional Turbomachinery

Compressor Type

Parameter Ramgen IGRCa ILPCb

Mass flow, kg/h 68,000 68,000 68,000

Inlet volume flow, m3/h 36,360 36,360 36,360

Number of stages 2 8 12

Intercoolers 1 7 2

Casings 1 1 3

Power, MW 7,333 7,382 8,312

Isothermal efficiency 65.8% 64% 56.9%

Stage/casing discharge temperature, °C 243 99 193

Max. thermal recovery temperature, °C 120 120 120

BHP/100 45.9 46.2 52.1

% recoverable 71.8% 7.5% 50.2%

Net kW 2.070 6.828 4.141

a IGRC–Integrally geared radial compressor
b ILPC–In-line process compressor

Source: Lawlor, S., 2007.

FIGURE 6.2 (Continued).
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6.2 ZEITMOP CYCLE ANALYSIS

In the data previously presented, an extensive analysis of the ZEITMOP cycle was 

examined based on an assumption that the constants limiting pressure in the cycle 

were close to 22 MPa. Such a high pressure level, as well as the maximum tempera-

ture range, was taken from the conclusions formulated from early data assumed in 

the COOPERATE and MATIANT cycles which are forerunners of the ZEITMOP 

concept cycle; see Figure 6.3.

New and more consistent results have been obtained within a standard Aspen 

Plus® v.11.1 simulation environment supported by additional procedures for the anal-

ysis of atypical components and chemical processes in the system. The steady-state 

simulation of the cycle was connected directly to a simplified model of a mixed-con-

ducting ion transport membrane for the separation of oxygen from the atmosphere 

(ITM unit). This analysis is based on ten Elshof’s (1997) data for the performance of 

La1-xSrxFeO3-  dense membranes and the Excel® worksheet calculations.

Some simulation tests were performed in order to verify the Aspen Plus library 

for the calculation of fluid properties in the cycle. This important element of the 

calculations was conducted in order to select a convenient EOS (equation of state) 

describing both pure CO2 properties and their combination with steam or oxygen, 

circulating in the cycle. The EOS given by Peng-Robinson-Boston-Mathias (PRBM) 

showed their flexibility and good quality results in the widespread range of state 

parameters and gas compositions (including a liquid phase transition). It delivered 

more valuable information on the performance cycle and each unit operation process 

compared to the early steps (Yantovsky et al., 2004) and formulae developed and 

calculated manually aimed at a CO2 standard and the modified virial EOSs.

The present version introduces a heat exchanger HE3 in the main pipeline where the 

pure CO2, after expanding in the HPT turbine (T-CO2), is heated by the depleted hot air 

stream leaving the ITM separator (Figure 6.3). A high temperature mixture ( 700°C) of 

FIGURE 6.3 The modified ZEITMOP schematics (Yantovsky et al., 2006).
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CO2 and oxygen is delivered to the combustion chamber (CC). It is easy to see that this 

modification provides a better reheating of the CO2 recirculating stream and reduces 

fuel consumption in CC for an assumed range of combustion gases temperature. The 

positive effect of heat recovery from the depleted air stream is a good way to obtain 

better control of the energy utilization in a main cycle and avoid excessive loss caused 

by waste energy flow from the depleted air to an ambient surrounding.

The simulation of the ZEITMOP cycle has shown the important influence that 

limiting the range of the state parameters has on performance and efficiency. Starting 

from the assumed version of an idealized case when the pressure and heat losses 

were neglected, the simulation of the cycle has delivered some background for a 

proper selection of pressures, temperatures, and fluid streams. It was found at this 

stage of the analysis that the primary rule in cycle performance factors should be 

expected from a broad range variation of the ultimate pressures and temperatures. 

The cases analyzed were carried out within a range of cycle temperatures between 

1200 to 1500°C and pressure from 8 to 22 MPa.

At these top cycle conditions, the bottom limit of thermal parameters was taken 

close to the atmospheric boundaries (0.1 MPa, 30°C). Several cycle simulation tests 

between the limiting state parameters mentioned have shown an almost linear depen-

dence of the net power production and thermal cycle efficiency with respect to the 

upper limit of the temperatures. For the upper range of pressure variation, an oppo-

site tendency was noticed up to the assumed reasonable data for an operation of the 

energy conversion units (pressure ratios for turbine and compressor stages, energy 

density streams in the heat exchangers and reactors, ITM operating limits, etc.). As 

in the analysis previously conducted (Yantovsky et al., 2004), the calculated system 

effectiveness is based on an actual and typical data set for compression and expan-

sion processes in modern turbomachinery.

The subsequent step of using steady-state process simulation oriented on the 1-th 

Law principles was dealt with based on typical data on the fluid-flow behavior of 

modern regenerative heat exchangers and chemical reactors. The pressure losses 

equal to 1–3% of the inlet pressure for the particular unit were assumed. The high-

temperature mixing losses caused by the cooling flows in high temperature turbine 

blade passages gave an additional and very strong effect on the cycle performance.

According to recent work on aero-gas turbine cooling (Mattingly et al., 2002), 

these losses change the turbine efficiency t0 approximately proportional the relative 

coolant flow ct and gas temperature Tg [K]

t t ct0
0 9, , (6.1)

where

ct ct g tm m T/ /( )1330 8800 (6.2)

In this approach, only typical conditions for the gas cooling system have been taken 

(i.e., cold CO2 stream from the compressor S2 bleed). New advanced and more 

sophisticated cooling turbine systems have recently been developed (steam cooling), 

but they were not considered in this work. It should be noticed that the resulting 

reduction of cycle efficiency is simply proportional to these cooling losses.
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After introducing the sequential heat regeneration of the mean pressure CO2

stream (regressing to the ITM and combustion chamber) heated by the depleted air 

behind the ITM, a reasonable improvement of cycle efficiency will be obtained (up 

by 5 to 7 percentage points).

This is caused by the smaller energy needs for a chemical reaction and the heating 

of combustion products in the combustion chamber (a lesser amount of fuel neces-

sary as well as oxygen and the primary air). The reduced quantity of air creates a 

lower energy demand for an air compressor (but subsequently, less effective expan-

sion power in an air turbine). In the total energy balance of the cycle, one can observe 

a growth in the cycle efficiency.

These results for the maximum cycle pressures of 9 to 21 MPa and limiting upper tem-

peratures from 1200 to 1500°C analyzed are presented in Figure 6.4 and Figure 6.5.

Such data are compared for two basic cases—the first without the regenerator HE3 

(as was discussed by Yantovsky et al., 2004), and the second including the regenera-

tive heat exchanger. The thermal efficiency growth observed (based on LHV for gas 

fuel methane) and their extreme existence meet the optimum operational conditions 

for the high temperature turbine T-PR (Figure 6.4) and a “penalty” effect caused by 

the turbine cooling requirements (see Figure 3.3 and Figure 3.4). Good performance 

conditions for the ZEITMOP cycle will be expected very close to maximum pressure 

pmax  9 MPa and TIT  1400 to 1430°C.

It should be mentioned that the actual data are less optimistic than the results 

obtained previously. The present case was simulated with similar assumptions as 

before and the selected results obtained of the final calculation are presented in 

Table 6.2 and Table 6.3.

A high heat energy output level and net turbine power in all the conditions analyzed 

was found but the attached data in Table 6.2 and Table 6.3 only refer to the low bound of 

FIGURE 6.4 Cycle efficiency versus temperature (without heat exchanger HE3).
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principal state parameters in the cycle (1200°C and 9 MPa). It is easy to see that the intro-

duction of the heat exchanger HE3 into the recirculated CO2 loop in this case (1200°C 

and 9 MPa) gives a favorable temperature growth of the incoming CO2 O2 stream close 

to 167°C and a subsequent energy saving in the combustor CC. The resulting cycle effi-

ciency (see Figure 6.5) will be approximately 5.8% higher than presented in Figure 6.4 

and the fuel consumption is about 18% lower. This relation poses a very practical signifi-

cance for further tests and more detailed analysis. It is a starting point to the introduction 

of exergy analysis of all the system components as well as the complete cycle.

An important conclusion should be formulated based on these ultimate results—

the cycle thermal efficiency obtained has a reproducible tendency (Figure 6.5), but 

TABLE 6.2
ZEITMOP Turbine and Compressor Loads

Break 
Power 
[kW]

Isentropic 
Head

[kJ/kg]

Pressure

Block 
Mass Flow 

[kg/s] Efficiency
Pin

[bar]
Pout

[bar]

T-AIR 6,124.14 17.818 0.890 386.19 12.73   0.89

T-PR 21,394.72 38.143 0.895 626.20 14.25   1.10

S-CH4 404.20   0.640 0.870 549.45   1.00 15.00

T-CO2 7,664.49 34.949 0.880 249.21 85.90 15.00

S1 4,682.06 36.707 0.870 110.97   1.00   5.10

S2 4,278.84 36.707 0.870 101.41   4.95 23.00

S3 3,563.87 36.707 0.850 82.53 22.30 90.00

S-AIR 8,087.53 20.371 0.850 337.46   1.01 15.01

Source: Yantovsky, E. et al., 2004.

FIGURE 6.5 The increase of cycle efficiency due to the inclusion of HE3.
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is 5 to 8% higher and the fuel consumption is reduced by up to 20% in comparison 

to the basic case without the regenerator HE3. Other than this, the final state param-

eters after depleted air expansion in a turbine S-AIR should be closer to the normal 

atmospheric conditions. From a technical point of view, it is possible to arrange the 

ZEITMOP cycle in a pilot scale plant. The progress in the micro-cogeneration sys-

tems is sufficient for developing a demonstration power unit of 100 to 200 kW.

6.3 ZEITMOP CYCLE WITH COMBINED
COMBUSTION CHAMBER AND ITM REACTOR

The original cycle (Yantovsky et al., 2004), included an oxygen transport mem-

brane (OTM) air separation unit and a separate combustion chamber. The results 

of a detailed Aspen Plus v.10 simulation of this cycle, at combustion temperatures 

TABLE 6.3
ZEITMOP Streams Data (1200°C/9 MPa)

Stream
Flow 
[kg/s]

Temperature 
[ C]

Pressure 
[bar]

Enthalpy 
[kJ/kg]

Entropy 
[kJ/kgK]

AIR-1 20.37 15.0 1.013 10.44 0.1041

AIR-2 20.37 396.7 15.01 396.57 0.1969

AIR-3 20.37 760.0 14.74 793.58 0.6864

AIR-4 17.82 760.0 12.73 800.22 0.6865

AIR-4A 17.82 424.9 12.73 421.11 0.2830

AIR-5 17.82 100.3 1.010 77.39 0.3540

B-TLEN 2.554 760.0 0.130 745.50 0.6703

C-MIX 37.50 577.0 13.0 774.22 0.6880

CH4-1 0.640 15.0 1.0 36.69 0.4938

CH4-2 0.640 260.8 15.0 668.24 05096

E-PR1 38.14 1199.5 14.25 1,152.26 1.6324

E-PR2 38.14 780.5 1.10 594.52 1.6888

E-PR3 38.14 608.2 1.07 548.59 1.4692

E-PR4 38.14 200.4 1.04 168.82 1.5408

E-PR5 38.14 30.0 1.01 31.48 1.6395

H2O 1.346 30.0 1.01 125.69 0.4366

CO2 + 1 36.71 30.0 1.00 29.37 0.0827

CO2 + 2 36.71 170.1 5.10 156.92 0.1209

CO2 + 3 36.71 30.0 4.95 29.27 0.0927

CO2 + 4 36.71 164.4 23.0 145.83 0.1279

CO2 + 5 36.71 30.0 22.3 29.79 0.0719

CO2 + 6 36.71 161.6 90.0 125.88 0.1130

CO2 + 7 34.95 161.0 88.6 125.89 0.1131

CO2 + 8 34.95 590.0 85.9 568.62 0.4034

CO2 + 9 34.95 397.5 15.0 346.78 0.4489

CO2 + 9A 34.95 565.0 15.0 531.23 0.5573

CO2 + OUT 1.758 161.1 88.6 125.88 0.1130
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between 1200 and 1500°C, with the OTM unit operating at temperatures of 750 to 

1000°C, were presented at the ECOS 2006 conference by Yantovsky et al. This lay-

out will be referred to here as ZEITMOP-separate.

A different possible layout for the cycle is to combine the combustion chamber 

with the air separation unit. The results of initial calculations based on a simplified 

model of the combined cycle for combustion and OTM operation at temperatures 

of 1000 and 1400°C were also presented at the ECOS 2006 conference by Foy and 

McGovern.

This layout will be referred to as ZEITMOP-combined. This section presents 

results of a detailed Aspen Plus simulation of the ZEITMOP-combined option oper-

ating at temperatures between 900 and 1500°C (see Foy et al., 2007).

The temperature of the OTM would be equal to the combustion temperature, which 

is higher than the temperature that could otherwise be achieved in the OTM. The 

oxygen would be consumed quickly after traveling through the membrane, maintain-

ing a low oxygen partial pressure on the combustion side of the membrane.

Both of these factors would increase the oxygen flux per unit of membrane area. 

The combined unit would therefore be much smaller physically than the air separa-

tion unit in the original layout. The combustion chamber would also be eliminated.

This reduction of the balance of the plant offers a clear motive for investigating 

the effect of this new layout on the cycle.

The temperature at which combustion occurs will be determined by the limits 

of the OTM material. Industrial research has recently begun into developing OTM 

materials specifically for combustion (see van Hassel et al., 2005). At present, the 

maximum temperature these materials can withstand is 1000ºC; however, this is 

likely to increase.

Foy and McGovern (2006) concluded that at high combustion temperatures, 

the efficiency of the ZEITMOP-combined cycle is similar to the efficiency of the 

ZEITMOP-separate cycle, but that the combined option at low combustion tempera-

tures has a lower efficiency than the efficiency of either option at higher combustion 

temperatures.

In other words, the combined option was found to be worthwhile only if the 

OTM/combustion unit can operate at high temperatures. Its schematics are given in 

Figure 6.6.

Methane (D-CH4-1) is compressed (D-CH4-2) and enters the OTM unit, where 

it is burned with oxygen in the presence of carbon dioxide. The combustion prod-

ucts (E-PR-1) are expanded (E-PR-2) and cooled in two heat exchangers (E-PR-4) 

and a cooling tower, which reduces the temperature to 30°C, causing the water 

to condense (E-PR-5). The liquid water is then separated and removed (F-H2O), 

leaving pure carbon dioxide (G-CO2-1) which is compressed with intercooling 

(G-CO2-6).

The portion born of combustion is removed (G-CO2-OUT), while the rest 

is heated and expanded before returning it to the OTM unit (G-CO2-9). Air 

(AIR-1) is compressed and heated before entering the OTM unit (AIR-3). The 

hot, oxygen-depleted air is expanded and cooled before re-entering the atmo-

sphere (AIR-7).
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FIGURE 6.6 ZEITMOP-combined cycle model (Foy et al., 2007).
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6.4 SIMULATION OF OXYGEN TRANSPORT MEMBRANE UNITS

Oxygen transport membranes (OTMs) are ceramic membranes that contain oxygen 

ion vacancies in the ceramic lattice (see Chapter 4). When heated, excited oxygen 

ions can travel through the lattice using these vacancies.

There are two main types of ceramics with oxygen ion transport capabilities: per-

ovskites and fluorites. Perovskite oxygen transport ceramics have the chemical struc-

ture ABO3. Fluorite oxygen transport ceramics have the structure AO2 (e.g., ZrO2).

The oxygen flux across an OTM is given by the Nernst-Einstein equation, which 

shows that the flux rises with the difference in oxygen partial pressures across the 

membrane, and can be particularly high when an oxygen-consuming reaction occurs 

on one side of the membrane.

The flux is also proportional to the temperature, so an exothermic oxygen-consuming 

reaction should provide a very high oxygen flux. Combustion seems ideal. However, 

ceramic sinters and eventually melts at high temperatures, so every OTM material 

has a maximum operating temperature. Perovskite materials typically have maximum 

temperatures of about 800 to 1000ºC. Fluorite materials can withstand far higher tem-

peratures; however, fluorite materials have lower oxygen fluxes than perovskites.

Development of new OTM materials is ongoing by a number of companies and 

groups around the world. It is probable that OTM materials will be developed with a 

maximum temperature of above 1400ºC, and a relatively high flux. Modified fluorite 

membranes may be the key to this development.

The OTM unit in the ZEITMOP cycle will most likely consist of a bank of tubes, 

much like a shell and tube heat exchanger (see Figure 5.2), with air on one side and 

carbon dioxide on the other. Warchol (in Foy et al., 2007) modeled the OTM as a unit 

which removed some oxygen from the air, operating at temperatures between 750 

and 1000°C.

The oxygen stream is then joined with a CO2 stream. This means that the situa-

tion shown in Figure 6.7 (data for combustion temperature 1400°C) was modeled as 

shown in Figure 6.8. This model therefore assumed that the temperature of the OTM 

material was 925°C, whereas the actual average temperature of the OTM material is 

closer to 780°C.

The reduction in flux will only affect the physical size of the OTM unit and not 

the efficiency of the cycle, so this does not affect the validity of the model. However, 

this simplified model also does not allow for any heat transfer in the OTM unit itself. 

While this is acceptable for a low temperature ratio, it is an unacceptable assumption 

FIGURE 6.7 OTM unit inlets and outlets in ZEITMOP-separate (Foy et al., 2007).
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when the combustion occurs on the permeate side of the OTM, i.e., for ZEITMOP-

combined, as the unit is likely to operate as a heat exchanger.

In fact, initial calculations based on the thermal conductivity, thickness, and area 

of the OTM material assumed, show that at the temperatures investigated, the unit 

will operate as an almost perfect heat exchanger. In the simulations presented in this 

paper, the OTM/combustion unit is modeled as a unit which separates O2 from air, 

a heat exchanger, and a combustion chamber. The situation shown in Figure 6.9 is 

therefore modeled as shown in Figure 6.5.

The results presented by Yantovsky et al. (2006) were for combustion tempera-

tures between 1200 and 1500°C, and delivery pressures for carbon dioxide between 

90 and 210 bars, with and without the additional heat exchanger.

In this section, we present results of simulations for the cycle configuration in 

Figure 6.6 only, at the analogous temperature and pressures of carbon dioxide, and 

also for combustion pressures between 3 and 40 bars when CO2 is delivered at 210 

bars.

The assumptions used in the simulations were:

The OTM used is based partly on data published by ten Elshof (1997) and 

partly on data published by Kharton et al. (1999).

The OTM unit can withstand total pressure ratios in the region of 1.15 

across the membrane.

FIGURE 6.9 OTM unit inlets and outlets in ZEITMOP-combined (Foy et al., 2007).

CH4, 15 bar, 261°C

CO2, 15 bar, 416°C

Air, 15 bar, 927°C Depleted air, 13.1 bar, 1400°C

CO2 & H2O, 14.3 bar, 1400°C

O2

FIGURE 6.8 Simplified OTM model used for ZEITMOP-separate (Foy et al., 2007).

CO2, 17.1 bar, 700°C

Depleted air, 12.7 bar, 925°C Air, 14.7 bar, 925°C

CO2 & O2, 15 bar, 716°C

O2, 0.17 bar, 925°C
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The OTM unit can withstand temperature ratios in the region of 1.4 across 

the membrane.

98% of CH4 is converted to CO2 and H2O. No other gases appear in the 

products of combustion.

Heat exchanger pinch points are 14 to 16 Centigrade.

The Peng-Robinson-Boston-Mathias equation of state was used to calcu-

late the properties of pure CO2 and mixtures of CO2 and either water vapor 

or oxygen, at all relevant points.

Pressure losses in heat exchangers and coolers are 3% of the inlet pressure.

Pressure losses in separators are 1.5% of the inlet pressure.

Pressure losses in the OTM unit are based on the experimental data (ten 

Elshof, 1997).

Compressor isentropic efficiencies are 87%, except for the last stage of 

CO2 compression, which has an isentropic efficiency of 85%.

Turbine efficiency was adjusted for cooling flow as described in Chapter 3. 

This takes into account the effect of a coolant flow, but without modeling 

the coolant flow itself. The isentropic efficiencies of the air and combustion 

product turbines therefore vary from 89.5% at 900°C to 85% at 1500°C.

Heat is rejected at 30°C.

The OTM removes 60% of the available O2 from the air.

6.5 RESULTS AND DISCUSSION

The efficiency of the ZEITMOP-combined cycle for a CO2 delivery pressure of 

210 bars, at various combustion temperatures and pressures, is shown in Figure 6.6.

The efficiency varies much more with combustion temperature than with combus-

tion pressure. The efficiency rises with temperature for all combustion pressures. 

At relatively low combustion pressures (3–10 bars), the efficiency rises smoothly 

with temperature. At pressure of 40 bars, there is a different shape to the curve, with 

a sharper increase in efficiency at lower temperatures, and a lower slope at higher 

temperatures.

At intermediate combustion pressures (15–30 bars), there are two distinct regions 

in the efficiency and temperature curve. At lower temperatures, the curve resem-

bles the high-pressure curve, while at higher temperatures, the curve resembles the 

low-pressure curve. By analysis of the temperatures of individual streams, it was 

found that this is related to the operation of the multistream heat exchanger, MHE2 

in Figure 6.10. This transfers heat from both the depleted air stream Air-6 and the 

combustion products stream E-PR3 to the recirculated CO2 stream G-CO2-7. At 

lower combustion temperatures (below 1000°C for 15 bars, 1100°C for 20 bars, and 

1300°C for 30 bars), E-PR3 is hotter than Air-6 at the inlet to MHE2, whereas at 

higher combustion temperatures, Air-6 is hotter than E-PR3. As the temperature of 

the CO2 stream depends on the hotter of the two feed streams, the power output of 

the CO2 turbine is directly affected by this change.

A second reason for the change in slopes is that the temperature of combustion 

directly affects the amount of CO2 recirculated in the system, as the CO2 acts as a 

coolant for the combustion chamber. This difference is more pronounced at lower 
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temperatures and pressures in steeper slopes of the curve. Both of these effects 

directly affect the power produced by the CO2 turbine, and therefore, the efficiency 

(see Figure 6.11).

At temperatures of 1150°C and above, the highest efficiency is found at combus-

tion pressures in the region of 3 to 5 bars.

FIGURE 6.10 Simplified OTM model used for ZEITMOP-combined (Foy et al., 2007).

O2, 0.074 bar, 927°C

Air, 15 bar, 927°C

13.1 bar,

927°C

Depleted air,

13.1 bar, 1400°C

CO2 & H2O,

14.3 bar, 1400°C

CH4,15 bar, 261°C

1800°C

1400°C

OTM MHE

CO2,15 bar, 416°C

B-OX2

E-PRO

AIR-4

B-OX1

CC

FIGURE 6.11 Efficiency of ZEITMOP-combined when CO2 is delivered at 210 bars (Foy 

et al., 2007).
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The efficiency of the ZEITMOP-combined cycle for a 15 bar combustion pres-

sure, at various combustion temperatures and CO2 delivery pressures, is shown in 

Figure 6.12.

The efficiency rises as CO2 delivery pressure drops. This is because less work is 

required to compress the CO2.

In a carbon capture and storage situation, the CO2 would be sequestered and would 

need to be at a particular pressure depending on the sequestration site. If the cycle deliv-

ers liquid CO2 at a pressure lower than this, it would need to be compressed again.

Calculations presented by Foy and McGovern (2006) imply that this is not 

worthwhile. It appears that for optimal efficiency, the cycle should be operated at 

the minimum CO2 delivery pressure that is suitable for the chosen sequestration 

option. Compressors for enhanced natural gas recovery which compress CO2 to 190 

bars are available. Therefore, the required CO2 delivery pressure is likely to be in 

the range of 180 to 210 bars, depending on a particular gas well or other sequestra-

tion option.

The efficiencies of the ZEITMOP-separate cycle with an additional heat exchanger 

analyzed previously and ZEITMOP-combined cycle are compared in Figure 6.13. At 

temperatures above 1200°C, the combined ZEITMOP cycle is more efficient than 

the separate ZEITMOP cycle. Below this temperature, the efficiencies of both cycles 

are much lower.

The Graz group (Jericha et al., 2004) have developed designs for a turbine that can 

operate at 1300°C with 77% CO2, 23% H2O, so it seems unlikely that the ZEITMOP 

plant would ever be built with a combustion temperature lower than 1200°C. In this 

case, OTM materials must be developed that can withstand the combustion temperature. 

FIGURE 6.12 Efficiencies of ZEITMOP-combined cycle at combustion pressure of 15 bars 

(Foy et al., 2007).
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If these materials are not available, a high combustion temperature should be main-

tained by separating the OTM unit from combustion chamber. The results show that:

The efficiency of ZEITMOP-combined is higher than the efficiency of 

ZEITMOP-separate at temperatures of 1200°C and above. This improve-

ment increases with combustion temperature from less than 1 percentage 

point at 1200°C to 5–8% at 1500°C.

Combining the OTM unit and combustion chamber is worthwhile at com-

bustion temperatures of 1200°C and above.

If no OTM material can be found to withstand combustion temperatures 

above 1200°C, a separate combustion chamber and OTM unit will allow 

the ZEITMOP cycle to achieve a higher combustion temperature and thus, 

a higher efficiency.

It has been confirmed that heat exchange from the combustion stream to 

the carbon dioxide and air streams increases efficiency.

The optimal conditions for the ZEITMOP-combined cycle are: a combus-

tion temperature as high as possible, combustion pressure 3 to 5 bars, CO2

delivery pressure as low as possible for the end application.
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7 Zero Emissions
Piston Engines with 
Oxygen Enrichment

7.1 MAIN CULPRIT

In the section, “Up Front,” in Power Engineering International (PEi) Jan/Feb 2007 

issue, Senior Editor Heather Johnston asks: “Is CCS ready for action?” (CCS  car-

bon capture and storage). She adds, “People mentioned that the idea of CCS being 

discussed at a mainstream event such as POWER-GEN International would have been 

inconceivable as little as one or two years ago.” In the next issue of PEi, she indicated, 

“Hunton Energy, a Texas-based independent power producer, announced its intention 

to build $2.4 billion IGCC plant that will capture and sequester CO2 .” The World 

Energy Council includes in policy changes “implemented quickly within the electric-

ity sector  carbon capture and storage (CCS) for power generation ”.

Looking at the modern flood of papers on CCS, we should remember the first 

proposal by C. Marchetti in 1977 and the documented history of engineering activ-

ity (see Chapter 2). We see in the annual conferences in the U.S.A. and international 

conferences on greenhouse gas control technologies the definitely positive answer to 

Johnston’s question.

However, the fuel-fired power plant is not the only culprit of carbon emissions. 

Even more dangerous is another one, the world fleet of vehicles. The carbon capture 

on vehicles is more difficult due to volume and weight restrictions, but the principles 

of capture onboard are similar to that of a power plant. Concentrating on piston 

engines, we should try to develop small power plants with cogeneration of heat for 

district heating to use in densely populated urban areas since these plants have zero 

emissions.

It is well known that transportation consumes about 70% of U.S. oil and generates 

a third of the national carbon emissions. Many U.S. and Japanese car manufacturers 

are actively developing fuel-cell and hydrogen vehicles as the main defense against 

emissions. Byron McCormick (2003), director of fuel cell activities for General 

Motors, stated:

So far, we have reduced the cost of a vehicle fuel cell by a factor of 10. But we have a 

long way yet to go. We need another 10-times reduction before we can match the cost 

of today’s comparable piston engine.

Assuming that the reduction cost versus time is an exponential decay, the required 

10-times reduction may be realized near the end of the century.
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Steve Ashley (2005) also stated:

Today between 600 and 800 fuel-cell vehicles are reportedly under trial across the globe. 

 the motor vehicle industry and national governments have invested tens of billions of 

dollars during the past 10 years to bring to reality a clean, efficient propulsion technol-

ogy that is intended to replace the venerable internal combustion engine.  nearly all 

car company representatives call for more government investment in basic research and 

hydrogen distribution system  Nobody really knows how to store enough hydrogen 

fuel in a reasonable volume.

Concerted efforts of numerous companies and labs are continuing at considerable 

cost in the development of hydrogen cars and fuel cells for clean propulsion systems. 

But to date, none of the hundreds of experimental cars reveal an ability to store 

enough energy onboard, comparable to a gasoline or compressed natural gas vehicle. 

The problem seems to be far from a solution, a concern about which is expressed on 

the highest political levels.

There exists in Wikipedia (2006) an extensive classification of all the types of 

vehicles with reduced pollution, reflecting concerted research efforts.

An ultra low emissions vehicle (ULEV) is a vehicle that has been verified by the 

California Air Resources Board (CARB) to emit 50% less polluting emissions than 

the average for new cars released in that model year. The ULEV is one of a number of 

designations given by the CARB to signify the level of emissions that car buyers can 

expect their new vehicle to produce and forms part of a whole range of designations, 

listed here in order of decreasing emissions:

TLEV: Transitional Low Emissions Vehicle. This is the least stringent emis-

sions standard in California. TLEVs were phased out as of 2004.

LEV: Low Emissions Vehicle. All new cars sold in California starting in 2004 

have at least a LEV or better emissions rating.

ULEV: Ultra Low Emissions Vehicle. ULEVs are 50% cleaner than the average 

new model year car.

SULEV: Super Ultra Low Emissions Vehicle. SULEVs are 90% cleaner than 

the average new model year car.

PZEV: Partial Zero Emissions Vehicle. PZEVs meet SULEV tailpipe emission 

standards, have zero evaporative emissions and a 15-year per 150,000 mile 

warranty on its emission control components. No evaporative emissions 

means that they have fewer emissions while being driven than a typical 

gasoline car has while idling.

AT PZEV: Advanced Technology Partial Zero Emissions Vehicle. AT PZEVs 

meet the PZEV requirements and have additional “ZEV-like” characteris-

tics. A dedicated compressed natural gas vehicle, or a hybrid vehicle with 

engine emissions that meet the PZEV standards would be an AT PZEV.

ZEV: Zero Emissions Vehicle. ZEVs have zero tailpipe emissions and are 98% 

cleaner than the average new model year vehicle. These include battery 

electric vehicles and hydrogen fuel cell vehicles.
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Unfortunately, here the term “zero emissions” for electric and hydrogen cars is a 

fallacy. It ignores the emissions of power plants producing electricity or highly com-

pressed air and CO2 discharged by hydrogen production out of fuel onboard.

The zero emissions membrane piston engine system (ZEMPES) is an attempt to 

find a less expensive and more reliable solution to the problem of zero emissions 

vehicles.

This chapter is aimed at overthrowing the inaction in the ZEMPES demonstration. 

Converting vehicle fleets in zero emissions operation by ZEMPES does not need the 

change of fuel supply infrastructure or the radical change of the engines. The gaseous 

emissions is converted onboard into liquid, which is discharged into fuelling stations 

and sequestered underground.

The additional mass of equipment onboard ZEMPES is set off by the power increase 

due to oxygen enrichment, whereas the large mass of a battery, tank with compressed 

hydrogen, or hydrogen–fuel reformer is the unavoidable penalty for cleanliness.

In view of the large amount of reports describing zero emissions cycles of turbine 

power, there still exists no description of such cycles for piston engines except as 

reported by these authors.

7.2 ZEMPES OUTLINE

In this chapter, we continue the line of developing the ZEMPES. It does not con-

tain fuel cell or hydrogen or electrical batteries. It is based on the venerable pis-

ton engines which, after more than a hundred years of development, have achieved 

good properties and reasonable costs. The system does not change the fuel supply 

infrastructure. The main new element of the system is an ion transport membrane 

reactor (ITMR), which is close to commercialization due to the achievements of Air 

Products, Praxair, Norsk-Hydro, and various other companies.

The extended schematic is shown in Figure 7.1(a) with the flows in the ITMR in 

Figure 7.1(b). Note that in Figure 7.1(a), the reactor is entitled AMR (automotive 

membrane reactor).

In the scheme presented, there is no supercharger as the power is increased with-

out pressure elevation in the piston engine. The turbocompressor is actually used 

to feed the ITMR with compressed air, which enhances the oxygen flux. The total 

system consists of two loops: the main closed loop 1-2-4-5-6-7-1 and an auxiliary 

loop 18-19-23-24. Fuel enters the mixer at 11, air is taken from the atmosphere at 

18, and oxygen is transferred from heated compressed air in the AMR to the mixer 

at 28 and 29. The combustible mixture at 1 enters a cylinder of VM, is ignited by 

a spark, and produces mechanical power. The auxiliary turbocompressor supplies 

compressed air to AMR and gives additional power through clutch KU. The sum is 

effective power Ne.

Carbon dioxide with dissolved contaminants is deflected from the cycle at 9 to be 

discharged at a filling station and then sequestered. This part of the system is seen in 

Figure 2.21, flows 12, 13, and 14.

A 3-D generated design of the ZEMPES for a bus powered by natural gas is 

shown in Figure 7.2. In this case, the pressure of the natural gas is high enough as is 

needed for supercritical carbon dioxide. Both gases are separated by a sliding baffle 
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FIGURE 7.1 Schematic of the ZEMPES with oxygen enrichment of an “artificial air” (mix-

ture O2  CO2), (Shokotov and Yantovsky, 2006). VM  piston engine, Ne  effective power,

R  radiator-cooler, WS  water separator, AB  splitter, Mi  mixer, KU  clutch, Nmm  heat 

flow from mechanical losses of turbocompressor. Numbers reflect the node points.
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FIGURE 7.2 ZEMPES outlook for a bus on compressed methane (Foy, 2006).
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(see Figure 2.21) in one steel cylindrical tank. At the filling station, carbon dioxide is 

discharged into a central tank, leaving free space for fuel gas.

7.3 HI-OX ZEMPES

In previous papers by McCormick (2003) and Ashley (2005), it was assumed that the 

fraction of oxygen in the “artificial air” mixture is 0.21, as in air. By increasing this 

fraction, it is possible to increase the power produced by the combustion. This high-

oxygen operation is a new step in the development of the ZEMPES and has been 

named Hi-Ox ZEMPES. In order to simplify calculations, gas methane is selected as 

fuel. Calculations for propane and gasoline (petrol) are given later.

Parameters of the selected piston engine are widely used: bore  stroke  0.092 m, 

rotational speed 3800 rpm, six cylinders and the compression ratio equal to 16. The 

volumetric efficiency (filling coefficient) is assumed to be 85%. As the displacement 

volume is 0.6113 dm3 and the theoretical amount of reactants in the working volume 

is 2.5427  10 2 mole/cycle, the total flow rates of methane, oxygen and CO2 are: 

For complete combustion, CH4  2O2  CO2  2H2O, molar masses: 16  64  44  36.

For exact stoichiometry, one mole of methane requires two of oxygen. It is assumed that 

the total pressure of the mixture is equal at all oxygen fractions. At the points 1, 2, 4, 6, 

7, 9, 11, 17, 18, 24, 28 and 29, the pressure is 101.3 kPa, at point 19, it is 506.6 kPa, and 

at point 23, the pressure is 503.6 kPa. Important assumptions on temperatures are:

T29  T6  T7  T9  T17  313 K,

T23  T2 – 20 K, T4  T28  T19  15 K.

The fraction of oxygen in the oxygen/carbon dioxide mixture varied and the 

effects on the cycle calculated. Results of these calculations are shown in Table 7.1.

From the table, two important changes are seen when the oxygen fraction is 

increased:

The amount of fuel is increased accordingly to maintain the stoichiometry. 

This leads to an increase in the energy released in each cylinder.

The amount of recirculated CO2 is decreased, which leads to a gain in 

efficiency.

Due to the increase in temperature before the turbine, its power is significantly 

increased. The increase in power per cylinder allows a reduction in the number of 

cylinders while maintaining the engine power of 107 kW. At the oxygen fraction of 

40%, three cylinders are enough compared to six at the normal fraction, 0.209.

The heat flows in the AMR show a 60-fold increase in heating of the depleted air 

before the air turbine. In contrast, this heating of incoming air before the membrane 

reactor is almost equal at all oxygen fractions in order to maintain the air conditions 

for membrane separation. However, the losses of thermal energy with the discharged 

depleted air at point 24 have increased up to one third of the fuel thermal power by 

oxygen fraction 0.5. This heat is lost at a high temperature (1575 K). This is an unde-

sirable situation. Parameters at the node points are shown in Table 7.2. The system 

is still not optimized.
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TABLE 7.2
Parameters at Node Points in Hi-Ox ZEMPES

Molar Fraction of Oxygen in Mixture

0.209 0.30 0.40 0.50

Point
T
K

Flow
Mole/s

H
kW

T
K

Flow
Mole/s

H
kW

T
K

Flow
Mole/s

H
kW

T
K

Flow
Mole/s

H
kW

  1 311 4.1 49.4 310 4.1 47.3 310 4.1 45.2 309 4.1 43.3

  2 1,187 4.1 220.8 1,508 4.1 286.2 1,831 4.1 353.8 2,124 4.1 417

  4 507 4.1 87 507 4.1 85.5 507 4.1 84 507 4.1 82.6

  6 313 3.29 44.5 313 3.03 40.5 313 2.73 36.6 313 2.46 32.9

  7 313 2.94 39.3 313 2.25 33.4 313 2.05 27.4 313 1.64 21.9

  9 313 0.39 5.19 313 0.53 7.15 313 0.68 9.15 313 0.82 11

11 293 0.39 3.22 293 0.53 4.43 293 0.68 5.67 293 0.82 6.8

17 313 0.77 2.34 313 1.07 3.23 313 1.37 4.12 313 1.64 4.9

18 293 7.08 5.87 293 7.33 60.85 293 7.6 63 293 7.83 65

19 492 7.08 100.2 492 7.33 103.8 492 7.6 107.4 492 7.83 110.8

23 1,167 6.3 222.6 1,488 6.26 288.8 1,811 6.22 357.2 2,104 7.83 421.2

24 830 6.3 154.4 1,072 6.26 201.7 1,319 6.22 251.2 1,575 6.19 298

28 507 0.77 11.3 507 1.07 15.63 507 1.37 19.97 507 1.64 23.9

29 313 0.77 6.9 313 1.07 9.5 313 1.37 12.15 313 1.64 14.5

Source: Shokotov, M. and E. Yantovsky, 2006.

TABLE 7.1
Results of Calculations for Hi-Ox ZEMPES

Molar Fraction of Oxygen in Mixture

Parameter 0.209 0.3 0.4 0.5

Methane flow rate [mole/s] 0.3885 0.5356 0.6844 0.8213

Oxygen flow rate [mole/s] 0.777 1.0712 1.3688 1.6426

Thermal power [kWth] 311.71 429.73 549.09 658.91

Indicator power [kW] 112.07 150.84 188.58 222.26

Effective power [kW] 106.57 161.6 215.64 264.12

Turbine power [kW] 68.2 87.07 106 123.2

Compressor power [kW] 41.44 42.94 44.44 45.83

Hot depleted air loss [kWth] 99.99 146.84 195.82 242.21

Efficiency 34.19% 37.61% 39.27% 40.00%
Temperature T2 [K] 1,187 1,508 1,831 2,124

Temperature T3 [K] 1,172 1,297 1,306 1,314

Temperature T21 [K] 1,152 1,273 1,273 1,273

Temperature T24 [K] 830 1,072 1,319 1,575

Heat Flows in automotive membrane reactor (AMR)
h3  h4 [kWth] 130.66 154.78 154.17 153.44

h2  h3 [kWth] 3.11 45.86 115.58 180.94

h2  h4 [kWth] 133.77 200.64 269.75 334.38

Source: Shokotov, M. and E. Yantovsky, 2006.
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7.4 ADDITION OF THERMOCHEMICAL RECUPERATION (TCR)

Bottoming cycles to recover the thermal losses from exhaust gases of gas turbines and 

piston engines are well known. Some such additions to the ZEMPES were examined 

(Shokotov et al., 2005). However, addition of bottoming cycles with rotating parts 

makes the total system very complicated and impractical. A static system, similar to 

an additional heat exchanger, would be better. Such a device is the thermochemical 

recuperator, or TCR, see also Section 9.3. The TCR converts methane and water to 

syngas, using the endothermic reaction:

CH H O CO 3H
4 2 2

(7.1)

We have calculated the change in engine parameters if a TCR is installed after the 

air turbine. The new fuel, a combustible gas consisting of CH4  H2O  CO  H2,

is cooled in a radiator-cooler before entering the cylinder. The molar fractions are: 

0.05556 CH4, 0.05556 H2O, 0.2222 CO, and 0.6666 H2 when the reaction begins at 

524.7 K and ends at 588.4 K.

These temperatures look rather low with respect to common practice of methane 

conversion with steam (about 1000 K). They have been calculated exactly using the 

Gibbs energy change equation (Hoverton, 1964) for 80% conversion:

=G T T T
0

232 977 109 28 68 18 40 35 10, . . ln . 33 2 6 33 67 10T T. (7.2)

These temperatures, if necessary, could be increased up to that of the exhaust gases 

less a heat transfer drop. Heating of incoming reactants is the main process of energy 

conservation in the TCR. The air after flowing through the turbine is cooled before 

being discharged into the atmosphere. The power generated and temperatures at 

some points when a TCR is incorporated into the system are presented in Table 7.3

TABLE 7.3
Results of Calculations for Hi-Ox ZEMPES with TCR

Molar Fraction of Oxygen in Mixture

Parameter 0.209 0.3 0.4 0.5

T2 (after piston engine), [K] 1,322 1,688 2,063 2,375

T24 (before TCR), [K] 1,108 1,359 1,622 1,840

T25 (after TCR), [K]    816    970 1,149 1,295

Pressure Ratio 2.18 2.796 3,338 3.778
Effective power, [kW] — 133.54 161.0 185.1

Efficiency —           41.62% 42.03%     42.70%

Increased Pressure Ratio —               3             5         9
Oxygen partial pressure ratio — 3.219 4.49 7.15

Effective power, [kW] — 135.06 170.33 204.6

Efficiency — 42.09% 44.46%  47.19%

Source: Shokotov, M. and E. Yantovsky, 2006.
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at pressure ratios 2.18 to 9. The highest efficiency is 47.19% at an oxygen fraction of 

0.5 and a pressure ratio equal to 9.

Calculations show the feasibility of the zero emissions piston engine system (called 

HiOx-ZEMPES), using an ordinary fuel (methane), with increased amounts of fuel 

and oxygen in the cycle by combustion in an artificial air which is a mixture of oxygen 

from the membrane reactor and recirculated carbon dioxide. At oxygen molar frac-

tion 0.5 and pressure ratio 9 in the air turbocompressor, the system efficiency with 

thermochemical recuperation is calculated as 47%.

Here, the efficiency reached 47%, which might be encouraging for fuel-cell 

engines. Such a high efficiency gain is possible because the temperature of the 

exhausted depleted air after the TCR is much less (1295 K) than after the turbine 

in Table 7.1 (1575 K). By further exploration of this system, it might be possible to 

increase efficiency further by cooling exhausted air in TCR.

To withstand the rather high temperatures in cylinders and valves, the great prog-

ress in adiabatic engines might be used. They are also called “low heat rejection 

engines (LHRE)” (Leidel, 1997, and Jaichandar, 2003). Layers of refractory ceram-

ics, e.g., stabilized zirconia or sintered silicon nitride have been used successfully. 

Table 7.4 lists possible coatings.

Both of the reactors, ITMR and TCR, operate at significant temperatures. They 

require heating at start-up, which takes some time. Both reactors should be switched 

off during start-up, admitting starting emissions. However, these emissions are very 

small with respect to the emissions avoided during continuous operation, when the 

system is switched on and working.

7.5 MEMBRANE REACTOR FOR PISTON ENGINES

In some versions of the ZEMPES, the onboard membrane reactor requires sweeping of 

oxygen from the membrane, i.e., air is on one side of the membrane and carbon dioxide 

on the other. Oxygen that passes through the membranes is swept away by the carbon 

dioxide. Such a reactor, shown in Figure 7.3, has been developed by Norsk Hydro for 

the AZEP project (Sundkvist et al., 2007). Due to the crucial importance of the oxygen 

supply by a monolith reactor for automotive use, we reproduce the data in some detail.

TABLE 7.4
Possible Coatings for Adiabatic Engines

Flexure 
Strength Density

Young’s 
Modulusa

Thermal
Expansionb

Thermal
Conductivity

Material [MPa] [g/cm3] [GPa] 106  [1/K] [W/mK]

Si3N4 300 3.1 300 3.2 12

SiC 450   3.15 400 4.5 40

Al. Magn. Silicate   20 2.2   12 0.6 1

ZrO2 300 5.7 200 9.8 2.5

Al2O3 /TiO2   20 3.2   23 3 2

a At the temperature 1260 K.
b In temperature range 300 to 1260 K.
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Figure 7.3 to Figure 7.7 are taken from a complex investigation (Sundkvist et al., 

2007) of a membrane reactor by Siemens (Sweden), Norsk Hydro (Norway) and 

ALSTOM (Switzerland). In Figure 7.3, we see the structure of the reactor and heat 

exchangers. They are rather robust and strong enough to be used onboard a vehicle.

FIGURE 7.4 Schematics of flows in reactor MCM and neighboring heat exchangers for the 

AZEP project (Sundkvist et al., 2007), similar to ZEMPES.
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FIGURE 7.3b The module of Monolith reactor, carefully tested (Julsrud et al., 2006).
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FIGURE 7.3a ITMR for producing mixture of oxygen and carbon dioxide, developed by 

Norsk Hydro for the AZEP project (Sundkvist et al., 2007).
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The recommended temperatures in the system reactor-heat exchangers for a nomi-

nal condition are seen in Figure 7.4. In Figure 7.5, we see the unique experimental 

data on oxygen flux, never before published. There exist a lot of published mea-

surements of oxygen flux through a sample similar to a coin. It was a concern of 

deviation in case of the test of the whole module. Actually, the difference is neg-

ligible. Figure 7.6 vividly shows the influence of the temperature on the reactor 

work. Finally, Figure 7.7 illustrates the work of the heat exchanger by increase and 

decrease of specific heat flow. The sweep gas coming into the reactor is rather hot, 

FIGURE 7.5 Oxygen flux, measured by pressure 1 bar and different membrane thickness. 

The unit of the oxygen flux on Y axis is equivalent to 0.238 g/m2 s. The upper curve reflects 

the reactor case (Julsrud et al., 2006).

FIGURE 7.6 Oxygen concentration and temperature during a test of the module. Temperature 

increase is accompanied by oxygen in sweep gas increase.
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along with outgoing air, an oxygen donor. The incoming air after compressor and 

outgoing sweep gas are relatively cold.

7.6 ZERO EMISSIONS TURBODIESEL

In order of the soonest demonstration, the diesel engine is selected because it is the 

work horse of American economics with very dirty emissions. In contrast to a popu-

lar slogan of proponents of fuel cells, “New diesels will help bridge the gap to future 

fuel-cell vehicles” (Ashley, 2007), which need costly sulphur-free fuel, in ZEMPES 

the sulphur oxides would be dissolved in liquid carbon dioxide and stored together 

underground. That is why the large sulphur removal units and exhaust treatment sys-

tems with urea tanks and ammonia absorbers are not needed. The crucial thing is that 

those cumbersome systems admit the carbon dioxide emissions. They can prevent 

the poisonous gases and particulate matter emission only, whereas ZEMPES pre-

vents all the combustion-born emissions.

The schematics are similar to previous ZEMPES versions (Yantovsky, 2003, and 

Shokotov et al., 2006). The new element is the afterburner.

In turbodiesel, there are three sources of thermal energy which might be converted 

into power:

1. Fuel combustion in cylinder

2. Fuel combustion in the afterburner

3. Hot flue gases

The crucial feature is the efficiency of the turbodiesel. It is defined as the ratio of 

effective mechanical power (of piston engine  turbine) to the thermal energy of both 

FIGURE 7.7 Increase and decrease of temperatures in the heat exchanger versus time. One 

of the obstacles of the use in transient regimes: thermal inertia.
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fuel flows. The thermal energy of flue gases originates from the same fuels. It should 

be used in the turbine to maximize efficiency.

In this section, only steady-state operation is considered. Any transient regimes are 

still under discussion. For that matter, what should be known is the thermal inertia of 

ITM reactor. In starting regimes, it probably would first be a switched-on diesel with 

emissions to atmosphere (admitted for the short time), and then attached to the turbo-

compressor and membrane reactor, which should be heated up to 900°C (Figure 7.8).

The working process consists of the two well-known cycles: closed diesel cycle 

1-2-4-5-6-7-1 and open Brayton cycle 18-19-20-21-22-23-24. Let us start from the 

diesel cycle. The mixture of oxygen and carbon dioxide (artificial air, where nitrogen 

is replaced by carbon dioxide) is exposed to suction. After compression, it is injected 

with diesel fuel. Expansion gives power, then displacement of much of the oxygen 

contained gases, driving them into the afterburner VK. Here, almost all of the oxygen 

in the combustor is used to burn the additional fuel (gasoline) and to heat air before 

entering the turbine.

After AK, the amount of oxygen is nil and flows in node points 3, 4, 5 are iden-

tical. After cooling, the water is liquid but CO2 is gaseous. They are separated in 

WS, water is deflected and it might be used elsewhere or to increase turbine power. 

Almost dry, CO2 is split into AB. A minor part, exactly equal to combustion born 

CO2, is liquified onboard by cooling, compression, and more cooling, and remains 

onboard under pressure of about 100 bars to be discharged into a central tank at a fuel 

FIGURE 7.8 Schematics of turbodiesel (Shokotov and Yantovsky, 2007). (a) R2 and R3 

oil and water radiators, VM  diesel piston engine, VK  afterburner, which consists of a 

combustor AK and heat exchanger H1, (b) MR  membrane reactor for oxygen separation,

H2  multipurpose heat exchanger, Mi  mixer, AB  gas splitter, WS  water separator,

R4  cooler, Nmm  heat flow of mechanical losses in turbocompressor, KU  clutch, T 

turbine, C  compressor.
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filling station. The major part of CO2 goes back to be mixed with oxygen and to form 

artificial air as an oxydizer in the diesel cycle.

The open (Brayton) cycle starts from ambient air in 18. After filter and compres-

sor, it is heated in H2 and enters the membrane reactor MR, where approximately 

60% of oxygen is penetrated through the membrane wall into the CO2 flow. The 

rest of the air is heated in the afterburner and expands in turbine T, giving addi-

tional power through the reductor before KU. The reductor is essential as the piston 

engine shaft rotates by 4,000 rpm, whereas the turbocompressor shaft frequency is 

approximately 60,000 rpm. The depleted air after turbine is absolutely harmless, and 

contains no combustion products.

7.7 MEMBRANE REACTOR FOR TURBODIESEL

Reactors are on the verge of practical use due to the achievements of Air Products 

and Norsk Hydro (Julsrud, 2006); see Figure 7.2 in Section 7.5. The recent available 

figures of measured oxygen flux (Sundkvist, 2007) through membranes of 1.4 mm 

thickness, made of perovskite Bax Sr1-x Coy Fe1-y O3-  by T  850°C are definitely 

about oxygen flux of 8 ml/cm2 min  1.9 g/m2  s. Important work for reactor 

design has been done in ECN, the Netherlands by Vente et al. (2005).

Discussions of three different configurations of membranes in a reactor of a rather 

big size for practical applications have been underway. They admit the oxygen flux 

as 10 ml/cm2  min, which is near to measured data. In our calculations, the modest 

figure of jO2  1.9 g/m2  s is used.

For the monolithic type of reactor assembled of tubes of an outer diameter of 

200 mm with channels of 1.5 mm and wall thickness of 0.5 mm (Figure 7.10),

the important parameter was calculated as the ratio of active surface to volume as 

400 m2/m3. It is indicated by an arrow in Figure 7.9.

For power 217 kW turbodiesel needs 1.102 mole/s of O2 or 35.26 g/s (Table 7.5,

point 29). Assuming the surface/volume ratio as 400 m2/m3 and jO2  1.9 g/m2 s,

we need a surface of 35.264/1.9  18.56 m2 or the volume of active membranes 

as 0.0464 m3. By 0.2 m diameter, the length of tubular reactor is 0.0464/0.0314 

1.477 m. It might be in two modules of 0.75 m each. By specific weight for heavi-

est ceramics (zirconia) of 6000 kg/m3 and ceramic volume 0.64 of active volume 

(due to channels), its mass is 0.0464  0.64  6,000 178.17 kg. Steel shell mass is: 

1.5  3.14  0.2  0.002  8000  15.06 kg. The total mass of ITMR is 178.75 

15.06  193.8 kg. As the mass of prototype diesel engine is 219 kg, the mass of 

ITMR is near 88% of its value.

Here exists the principal problem of ZEMPES for vehicles—extra weight. There 

are three causes of additional weight: membrane reactor, high temperature heat 

exchanger H1, and liquid carbon dioxide onboard.

The mass of the prototype engine is 219 kg. Imagine the fuel mass as 51 kg, so 

total mass is 270 kg, by nominal power 52 kW, hence, specific weight of a prototype 

is 270/52  5.19 kg/kW.

The question is zero emissions operation needs some additional equipment. Is it 

possible to increase power of turbodiesel to such an extent as to conserve the specific 

weight?
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The next tables give the positive answer to this question due to increase of the 

oxygen fraction in the cylinder charge. If the mass of produced and captured CO2 is 

three times that of the fuel mass, it means 153 kg, ITMR mass of 193 kg, and heat 

exchanger H1 of 50 kg. The specific weight of turbodiesel is:

(219  153  193.8  50)/217  2.837 kg/kW

which is about two times less than that of the prototype.

7.8 NUMERIC EXAMPLE

The well-known diesel engine Ford-425 has been selected for calculations as a pro-

totype. Manufacturer data are as follows: bore  93.67 mm, stroke 90.54 mm, 4 

cylinders, rotational speed 4000 rev/min, volume 2.5 dm3, compression ratio 19.02, 

effective power 52 kW; see Table 7.6.

We have calculated the engine efficiencies: indicated 0.478, mechanical 0.737, 

and effective 0.352.

In Table 7.6, the first column relates to the prototype (diesel Ford 425) and the 

other 4 columns describe the turbodiesel. The table reveals the major role of the tur-

bine, due to 4 times the power increase and significant efficiency gain with respect 

to the prototype.

Efficiency gain from 35.22% up to 48.2% compensates for the need to carry rather 

heavy equipment onboard.

FIGURE 7.9 Geometrical properties of monolith ITM reactors of cylinder shape, calculated 

in (Sundkvist et al., 2007). Arrow shows the design point, selected for turbodiesel. Selected 

parameters; see also in Figure 7.10.
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TABLE 7.5
Parameters of Turbodiesel in Node Points

P
kPa

Case 1 Case 2 Case 3 Case 4

N T M H T M H T M H T M H
1 2 3 4 5 6 7 8 9 10 11 12 13 14

  1 101.3 308.0 2.755 32.553 308.0 2.755 31.339 308.0 2.7547 32.553 308.0 2.7547 31.339

  2 101.3 1,249 2.941 165.02 1551 3.003 212.14 980.8 2.8852 121.47 1205 2.9288 151.51

  3 101.3 1,780 3.023 260.91 2122 3.112 339.99 1939 3.0283 289.27 2365 3.1194 375.25

  4 101.3 1,283 3.023 178.12 1283 3.112 181.25 1283 3.0283 178.29 1283 3.1194 181.44

  5 101.3 527.0 3.023 66.98 527.0 3.112 68.11 527.0 3.0283 67.04 527.0 3.1194 68.18

  6 101.3 308.0 2.49 32.722 308.0 2.402 31.563 308.0 2.4836 32.638 308.0 2.3932 31.451

  7 101.3 308.0 1.928 25.34 308.0 1.653 21.72 308.0 1.9283 25.34 308.0 1.6528 21.72

  8 101.3 308.0 0.5617 7.382 308.0 0.7490 9.8426 308.0 0.5553 7.298 308.0 0.7404 9.730

  9 101.3 308.0 0.5329 1.4059 308.0 0.7106 1.8745 308.0 0.5447 1.437 308.0 0.7262 1.916

18 101.3 288.0 13.377 109.01 288.0 17.718 144.39 288.0 14.841 120.94 288.0 19.542 159.25

19 608.0 511.8 13.377 197.1 511,8 17.718 261.06 511.8 14.841 218.67 511.8 19.542 287.93

20 608.0 1,273 1.3377 519.06 1,273 17.718 687.5 1,273 14.841 575.87 1,273 19.542 758.28

21 608.0 1,273 12.550 486.99 1,273 16.616 644.75 1,273 14.014 543.8 1,273 18.44 715.51

22 608.0 1,469 12.550 569.79 1,555 16.616 803.49 1,507 14.014 654.78 1,507 18.44 909.32

23 101.3 1,017 12.550 381.96 1,081 16.616 539.71 1,046 14.014 439.32 1,101 18.44 611.2

24 101.3 527.0 12.550 190.66 527.0 16.616 252.42 527.0 14.014 212.89 527.0 18.44 280.13

27 101.3 1273 0.8264 32.067 1,273 1.102 42.761 1,273 0.8264 32.067 1,273 1.102 42.76

28 101.3 527.0 0.8264 12.554 527.0 1.102 16.741 527.0 0.8264 12.554 527.0 1.102 16.74

29 101.3 308.0 0.8264 7.214 308.0 1.102 9.619 308.0 0,.8264 7.214 308.0 1.102 9.619

Note: P  Pressure, kPa; T  Temperature, K; M  Mass Flow, Mole/s; H  Enthalpy. Flow, kJ/s.
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In ZEMPES, the use of a membrane reactor (see Figure 7.10) gives an ability to 

govern the oxygen flow rate and quite independently, change both of the governing 

quantities: oxygen excess coefficient  (ratio of actual flow rate to the stoichiometric 

one) and oxygen fraction in a mixture with CO2 (different amount of O2 in artificial 

air). Fixed values only are used in the tables (1.4 or 2.0 and 0.3 or 0.4).

TABLE 7.6
Calculated Power and Efficiency of Turbodiesel

Oxygen Fraction Q 0.209 (Air) 0.3 0.4 0.3 0.4

Excess coefficient, 1.7 1.4 1.4 2.0 2.0

Diesel fuel flow, g/s 3.473 5.684 7.579 3.979 5.305

Thermal power, kW 147.4 241.3 321.7 168.9 225.2

Added fuel, g/s 0 2.180 2.906 3.814 5.086

Added thermal power, kW 0 96.50 128.7 168.9 225.2

Total thermal power, kW 147.4 337.8 450.3 337.8 450.3

Diesel power, kW 52 66.68 90.65 45.14 64.50

Turbine power, kW 0 85.01 126.4 100.8 146.1

Total power, kW 52 151.69 217.08 145.98 210.57

Efficiency 0.3522 0.4491 0.4820 0.4322 0.4676

Source: Shokotov, M. et al., 2005.

FIGURE 7.10 Cross-section of one quarter of a multichannel monolith ITM reactor selected 

for the turbodiesel: df  200 mm, s  0.5 mm, g 2 mm, f 4 mm. (In Figure 7.8 for this case, 

the surface/volume ratio is 400).
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Now, we may compare the three main characteristics of the membrane reactor,tested 

in Section 7.7, and calculated here.

The test calculation results referred to 1m3 of the reactor volume are:

Surface/volume ratio 

of active part

500 m2/m3 400 m2/m3

Oxygen flow 37 mole/ m3 s  1,184 kg/m3 s 760 g/m3 s

Thermal power 15 MW/m3 217 kW/0.0464 m3  4.67 MW/m3

In the last column, the reflected calculation is with rather modest figures with 

respect to results achieved in experiments. It indicates a good perspective for further 

improvement of turbodiesel.

7.9 HIGH-TEMPERATURE HEAT EXCHANGER FOR TURBODIESEL

Afterburner AK (see Figure 7.8) emits very hot gas to the heat exchanger H1. Its 

energy is used to heat the compressed depleted air. In Table 7.2, the entrance tem-

perature is observed to be 2122 K (1849°C), which is too high to use in any heat 

exchanger made even of the best known steel.

The only solution we see is to use the well-known material SiC, silicon carbide. 

It is quite stable even in oxidizing flow by such temperatures and is widely used for 

manufacturing by extrusion. SiC is stable against thermal and mechanical shocks and 

has high thermal conductivity.

Good perspectives of ceramic heat exchangers for microturbines, as in our case, 

are forecasted by McDonald (2003) in a comprehensive review.

TABLE 7.7
Parameters of the Heat Exchanger H1

Quantity Unit Hot Line (CO2) Cold Line (Air)

Mass flow mole/s, (g/s) 3.112 (130) 16.6 (481)

Temperature in K 2,122 1,273

Temperature out K 283 1 554

Enthalpy in kW 340.0 644.7

Enthalpy out kW 181.3 803.5

Viscosity 107 Pa s 655 674.4

Density kg/m3 1.56 1.0

Thermal conductivity W/m K 0.121 0.090

Mean velocity m/s 10 25

Reynolds Number — 476 740

Nusselt Number — 1.8 2.0

Heat transfer coefficient W/m2 K 109 128
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Our heat exchanger is similar to the ones of monolith type HEX, made by Norsk 

Hydro; see Figure 7.3. Because it is an important part of the turbodiesel, the detailed data 

from a preliminary calculation to guess its mass and dimensions are given in Table 7.5.

An ideal thermal insulation without any loss of energy from H1 was assumed. The 

radiation heat exchange has been neglected as well as conductive thermal resistance 

in SiC due to high thermal conductivity (490 W/m K).

The square channel of 2 mm side is assumed in both lines. Overall heat trans-

fer coefficient is 58.8 W/m2K. Mean logarithmic temperature drop is 139 K. Mean 

specific heat current is 139  58.8  8,173 W/m2. The heat transfer surface is 

158.74/8.173  19.4 m2.

As a guarantee that such a device might be manufactured of SiC by extrusion, one 

may have a look at the CeraMem Technology brief (2006). A cylinder device with 

passageway of 2 mm, with the active surface 10.7 m2, diameter 142 mm and length 

864 mm has the mass of about 25 kg. For our example of a turbodiesel, two such 

cylinders are enough, with a total mass of 50 kg. It is not prohibitive even for a car.

Calculations show the possible increase of power from 52 to 217 kW and effi-

ciency from 35 up to 48% by conversion of a car diesel to zero emissions turbod-

iesel with a membrane oxygen reactor. The additional mass of a membrane reactor is 

about the mass of a prototype engine. The total mass of the system in a turbodiesel 

increased to two times less than power. It justifies further research on a turbodiesel 

project for consideration in the near future.

7.10 ECONOMICS OF ZEMPES ON DIFFERENT FUELS

In spite of the lack of some important figures, we try here to evaluate some possible 

economic benefits of the described system. The least known at the moment is the 

price of the ITM reactor; it was assumed preliminary.

The system consists of well-developed devices such as the ordinary piston engine, 

the turbocompressor, and heat exchangers. The only new element is the ion transport 

membrane reactor, which, after much work by industrial companies, is very near 

to commercialization (Armstrong et al., 2003; Sundkvist et al., 2004; Selimovich, 

2005). In the economic evaluations presented, the current costs are known with avail-

able accuracy of fuel prices.

The schematics are in Figure 7.1a with the flowsheet of a membrane reactor (MR) 

in Figure 7.1b. Note, at Figure 1a, the reactor for oxygen is entitled AMR (automo-

tive membrane reactor).

As in previous chapters, the components are listed as VM  piston engine, Ne

effective power, R  radiator-cooler, WS  water separator, AB  splitter, Mi  mixer, 

KU  clutch, Nmm  heat flow from mechanical losses of turbocompressor. Numbers 

reflect the node points.

In the discussed scheme, there is no supercharger as the charge is increased with-

out pressure elevation. Turbocompressor is actually used to feed the ITMR by com-

pressed air which enhances the oxygen flux only.

The total system consists of the two loops: the main closed loop 1-2-4-5-6-7-1 

and an auxiliary one 18-19-23-24. Fuel comes to the mixer in 11, air is taken from 

the atmosphere in 18, oxygen goes from the heated compressed air in AMR to the 
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mixer in 28, 29. The combustible mixture in 1 enters a cylinder of VM, is ignited 

by spark, and produces mechanical power. The auxiliary turbocompressor supplies 

compressed air to the AMR and gives additional power through clutch KU. The sum 

is effective power Ne.

Carbon dioxide with dissolved contaminants is deflected from the cycle in 9 to be 

discharged at the filling station and then sequestered.

The membrane reactor AMR is presented in Figure 7.10 in some detail, including 

monolith type reactor MR itself and similar construction heat exchangers (Sundkvist 

et al., 2004; Selimovich, 2005).

After compression in C1, air is heated by flue gases 3 in H1 up to 800–1000°C 

and goes to the reactor MR. The oxygen partial pressure ratio across the membrane 

is maintained over 3. Pure oxygen 28 to 29 travels via R4 to the mixer Mi, then the 

combustible mixture enters the piston engine VM.

Depleted air 21 is heated in H2 by hot flue gases and expanded in the air turbine 

T1 to ambient pressure.

The pressure ratio in the cylinder is restricted by temperature after compression. 

In ZEMPES, where the inert gas is CO2 instead of N2, it is possible to increase the 

pressure ratio from about 8 to about 16 to 17 by means of a minor redesign of the 

cylinder. Calculations show the ability to restrict temperature by the admissible 600 

to 700 K.

As a piston engine, the selection was the Volkswagen engine with 4 cylinders in 

a row, stroke 86.4 mm, bore 79.5 mm, volume ratio 8.3, frequency 5000 rpm, and 

effective power 48 kW. Results are seen in Table 7.9.

Table 7.8 gives the total picture of the thermodynamic parameters of one regime 

(not optimized).

Rather high temperatures of more than 1000 K of air after turbine even by modest 

oxygen enrichment of 0.3 suggest preventing such exergy losses by further system 

elaboration. By an oxygen fraction of 0.5, this temperature exceeds even 1500 K. But 

such enrichment might not be recommended. There appear to be many engineering 

problems, because after expansion in the cylinder, the flue gases are at more than 

2100 K and after combustion, more than 3500 K. Here, some warnings are needed. 

Calculations did not take into account the dissociation of gases by high temperatures. 

Actually, such temperatures will not be achieved. But such high-temperature region 

is out of engine practice, the combustion process is to be quick, perhaps the assumed 

equilibrium is not achieved, and real composition of combustion gases is variable.

Here, the cost calculations were the price of gasoline at 1.24 €/liter, propane at 

0.639 €/liter and natural gas (methane) at 0.829 €/kg, as it was in Germany in January 

2006.

It is apparent the system with methane fuel gives maximum saving, as it is well 

known from the current practice of using natural gas for vehicles. It is attractive for a 

decentralized power production by small units, which are zero emissions. Therefore, 

it might be used in densely populated areas. There is little doubt there might be a co-

generating of power and heat.

Even using gasoline, the fuel economy is very significant, which contradicts a 

common view that a zero emissions power unit should be less efficient than conven-

tional ones due to the need to produce oxygen and liquify carbon dioxide. In many 
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TABLE 7.8
Parameters in Node Points for HiOx-ZEMPES for Gasoline (B), Propane and Methane as Fuels

Fuel Of Par.   Unit 1 2 4 9 11 17 19 23 24 28

T K 309 1,540 535 313 293 313 520 1,520 1,055 535

0.3 M mole/s 2.20 2.33 2.33 0.424 0.0525 0.449 4.34 3.69 3.69 0.646

B
H kW 29.9 172.6 53.4 5.66 3.98 1.35 65.1 174.3 117.0 9.98

T K 306 2,165 535 313 293 313 520 2,145 1,525 535

0.5 M mole/s 2.217 2.25 2.25 0.696 0.086 0.737 4.93 3.86 3.86 1.06

H kW 30.24 266 54.7 9.30 6.54 2.22 73.9 268.8 183.0 16.45

T K 310 1,555 535 313 293 313 520 1,535 1,066 535

0.3 M mole/s 2.26 2.38 2.38 0.383 0.126 0.511 4.33 3.69 3.69 0.639

C3H8

H kW 27.58 174.1 53.3 5.12 1.97 1.53 64.9 175.8 118.0 9.97

T K 309 2,179 535 313 293 313 520 2,159 1,536 535

0.5 M mole/s 2.26 2.47 2.47 0.618 0.206 0.824 4.82 3.79 3.79 1.03

H kW 26.1 263 53.6 8.26 3.23 2.48 72.3 265.8 181.0 15.9

T K 310 1,524 535 313 293 313 520 1,504 1,044 535

0.3 M mole/s 2.26 2.26 2.26 0.294 0.294 0.589 4.04 3.45 3.45 0.53

CH4

H kW 26.0 159.3 49.86 3.93 2.44 1.77 60.6 150.5 108.0 9.09

T K 309 2,117 535 313 293 313 520 2,097 1,488 535

0.5 M mole/s 2.26 2.26 2.26 0.453 0.453 0.906 4.33 3.42 3.42 0.906

H kW 23.9 229.2 48.3 6.06 3.75 2.73 64.9 231.7 157.6 14.0

Note: Of  Oxygen fraction; Par.  parameter.
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papers, it is indicated that the energy penalty is 8 to 10 percentage points for cryo-

genic oxygen and 2 to 4 percentage points for membrane oxygen. In our calculations, 

it is evident that there is a rise of efficiency from 27% in prototype to up to 40% 

in ZEMPES due to reasonable forcing by oxygen enrichment and additional power 

from depleted air turbine.

We should stress that the figures of very high oxygen enrichment 0.5 are included 

in order to give a perspective. The maximum pressure of 178 bars along with tem-

perature of 3500 K is not achieved in current practice. For realistic economic evalu-

ations, we use modest oxygen enrichment 0.3 (it is 1.5 times more than in air): fuel 

gasoline, its specific consumption in prototype 300 g/kWh, and in ZEMPES 220 g/

kWh by efficiency 0.368, fuel price 1.77 €/kg.

For vehicle applications, the size of the membrane reactor is of crucial impor-

tance. Let us evaluate it for ordinary fuel: gasoline, which is modeled as 1-hexene 

C6H12 or for stoichiometry calculations CH2. The combustion equation is:

CH 1.5 O CO H O 45 kJ/g CH or 13 kJ/
2 2 2 2 2

gg O
2

Assuming the oxygen flux of 1 g/m2 s, we get the energy current through the 

membrane equal to 13 kW/m2.

In membrane reactors of monolith or tubular type, the modest quantity of specific 

surface of 100 m2/m3 is easily achievable (Sundkvist, et al., 2004; Selimovich, 2005). 

The needed thermal power for 100 kW ZEMPES engine by efficiency 0.368 is 272 

kWth. Such thermal power is given by the membrane surface of 272/13  21 m2.

The active volume for such surface is 21/100  0.21 m3, or 0.6  0.6  0.6 m. The 

volume of additional heat exchangers depends on the construction but is almost equal 

to that of a reactor. It means the total needed volume is about 0.6 m3, which seems 

to be reasonable for such a vehicle. For steady-state power production or a bus, such 

size is evidently admissible.

The first cost (investment) of ZEMPES is evidently higher than that of a proto-

type, a conventional piston engine, due to adjustment to increased temperature and 

pressure along with new elements such as a membrane reactor, heat exchangers, and 

turbocompressor. However, the current cost may be less due to fuel saving. The main 

question of economics is the payback time: how long should we wait for the return 

of extra investment?

Imagine the extra cost of ZEMPES with respect to a prototype of the same 

100 kW, having emissions, is 10,000 € (say, 30,000 for ZEMPES with respect to 

20,000 of prototype), the time of use by full capacity is 1,000 hours annually, hence, 

100,000 kWh per year. Annual gasoline consumption is 30 t for a prototype and 22 t 

for ZEMPES, fuel economy is 8 t/year. If the fuel price is 1.77 €/kg, the annual sav-

ing is 1.77  8,000  14,160 €. This means the payback time is only 8.5 months, less 

than a year. The example is illustrative only because the real cost of the membrane 

reactor is still unknown.

Calculations show the evident possibility to create a zero emissions piston engine 

unit for a vehicle or decentralized power production, which might use gasoline, pro-

pane, or natural gas with significant reduction of fuel consumption and current costs. 

For a modest oxygen enrichment 0.3 (instead of 0.209 in air), by attainable maximum 
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temperature and pressure, for 100 kW capacity, the efficiency reaches 0.368 and fuel 

cost economy 26% on gasoline and 68% if going from gasoline to natural gas. The 

described HiOx-ZEMPES system deserves immediate consideration.

7.11 PISTON ENGINE WITH PRESSURE SWING 
ADSORPTION OXYGEN REACTOR

The change in this section is the use of a PSA (pressure swing adsorption) cold reactor 

(IGS, 2006) instead of a hot ITM (ion transport membrane) reactor, as in previous 

sections. The benefit of PSA technology with respect to ITM is the maturity. It has 

been widely used commercially for some decades. In short, the turbodiesel with a 

PSA oxygen reactor is titled as TD-2. Now, we wish to show the changes of the 

engine properties if it was to replace an ordinary diesel for the ZEMPES—TD-2 of 

the same capacity.

As a prototype for comparison, we selected the well-known good, high-speed 

diesel engine Ford FSD 425 with bore 93.67 mm, stroke 90.54 mm, volume 2.5 dm3,

mean piston speed 12 m/s and effective power 52 kW for cars and lorries (Lurie, 

et al., 1985).

7.11.1 THE PROPOSED SCHEMATICS

The proposed schematics of TD-2 are seen in Figure 7.12. They comprise a 2 cyl-

inder H-shape engine and turbocompressor C1-T1 with heat exchanger H. In H, the 

TABLE 7.9
Power, Efficiency, Fuel Consumption and Cost of Energy (COE)

Prototype ZEMPES, 0.3 ZEMPES, 0.5

Quantity Unit B C3H8 CH4 B C3H8 CH4 B C3H8 CH4

Compress. ratio — 8.3 8.5 8.5 16.0 17.0 17.0 18.0 19.0 19.0

Compress. temp. K 683 701 755 590 655 709 592 663 756

Thermal power kW 177 180 167 263 261 236 431 421 363

Indicated power kW 69.0 70.0 64.0 92.9 87.7 78.7 150 139 120

Indicated efficiency % 38.9 38.8 38.3 35.3 33.6 33.3 34.8 33.1 33.0

Mean pressure kPa 965.0 981.0 899.0 1,300 1,288 1,102 2,099 1,953 1,680

Effective power kW 48 49 43 96 92 82 176 166 140

Effective efficiency % 27.1 27.2 25.9 36.8 35.3 34.7 40.9 39.4 38.5

Max. temperature K 2,800 2,780 2,730 2,640 2,650 2,610 3,580 3,570 3,500

Max. pressure bar 55.9 58.6 55.5 110.0 113.0 105.9 178.7 177.8 159.7

Fuel consumption kg/h 14.5 14.0 12.0 21.5 20.2 16.9 35.4 32.6 26.1

Spec. fuel cons. g/kWh 303 285 277 223 220 207 200 197 187

CO2 emission kg/h 45.3 42.0 33.0 0 0 0 0 0 0

COE €c/kWh 53.6 35.7 23.0 39.4 27.6 17.1 35.5 24.7 15.5

Saving % — 33.3 57.2 26.4 48.5 68.0 33.8 54.0 71.1
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waste heat is transferred from engine to incoming air. The unique feature of this 

system is the oxygen PSA reactor, denoted as AD.

It is commercially available from Innovative Gas Systems (IGS). Oxygen extrac-

tion is under pressure 3 to 4 bars.

The working substance of the thermodynamic cycle is an artificial air, the mixture 

of oxygen and carbon dioxide. It is permanently regenerated due to cooling combus-

tion flue gases in R4, separation of water in WS, gas splitters GS1, GS2, GS3, com-

bustion chamber VK, mixer Mi, and oxygen reactor AD.

Ambient air 18 enters compressor C1. After compression, the air is split into 

the two flows: one part 19 goes to H, the other 23 to AD. Pressures of both are 

equal, 3.5 bars. The processes in the main (closed) cycle are depicted as a rhomb 

(Figure 7.11).

The starting points are in flows 1 and 11. Processes 1–2 and 11–2 are going in 

both cylinders simultaneously as the open diesel cycles with equal flows and thermal 

energy are produced. The collector of flue gases AB is one for both cylinders, so pro-

cesses 2–8 are in common: working substance is cooled due to giving heat to air.

In processes 8-9-1 and 8-10-11, the regeneration of the working substance takes 

place for each cylinder. In the auxiliary Brayton cycle on air, the ordinary fashion is 

18-19-20-21-22.

The T-s diagram of both cycles (mainly on CO2 and auxiliary on air) is given in 

Figure 7.13, where a-c is compression, C-Z’ is isochoric heating, Z’-Z is isobaric 

heating, Z-b is combustion with expansion, b-2 is discharge.

The filling process 1-a and discharge b-2 are with some entropy gain due to the 

inherent irreversibility. Entropy decrease 2-3 is due to the cooling of the main work-

ing substance and the air heating. Decline of entropy 3-1 reflects the cooling and 

decline of flow rate.

In the auxiliary Brayton cycle, 18-19 is compression, then heating is 19-20, and 

cooling is 21-22 for recuperation of thermal energy.

Maximum cycle temperature in the cylinder of about 2150 K is normal for a diesel 

engine. It affects the walls only part-time. The steady-state temperature in point 12 after 

combustion chamber is 1642 K which is also admissible for an ordinary turbine steel. 

FIGURE 7.11 Flow directions.
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These modest temperatures are much lower than in our turbodiesels previously 

described in Sections 7.7 and 7.8.

In TD-1 in an afterburner, all the content of oxygen in mixture (except some per-

cent of residual oxygen) is used for combustion, whereas in proposed TD-2 only a 

fraction of available oxygen content is used. It means the possibility to demonstrate 

FIGURE 7.12 Schematics of the turbodiesel TD-2. F fuel injection, Ne  engine shaft,  

Nmm  heat flow from losses in turbocompressor, AB  hot gas collector, H  heat exchanger,

T1  air turbine, C1  air compressor, R4  radiator, AD  oxygen PSA reactor, WS  water 

separator, GS 1, GS 2, GS 3  gas flow splitters, Mi  mixer, VK  afterburner (combus-

tion chamber).
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TD-2 in the near future is very conceivable as almost all ingredients are commer-

cially available.

After the normal diesel operation process (displacement, suction, compression, 

combustion and expansion) flue gases CO2, H2O and excess of oxygen O2 are going 

through collector AB. After cooling in H and R4 and dewatering in WS, the liquid 

water is deflected and the rest of the gases are split in GS1.

Flow 7 with some oxygen goes to afterburner VK to combust the fuel flow F with 

hot gases flow (12) to H. L is heat losses from afterburner surface cooling. The steam 

is condensed after cooling in H and R4, water is separated in WS, and deflected out 

of the cycle in 15. From WS is deflected (16) also that fraction of carbon dioxide, 

which formed in combustion is to be stored in a tank for subsequent sequestration. 

That way, no one combustion product or contaminant, dissolved in CO2 is emitted 

into the atmosphere.

Flow 8 of CO2 and O2 is divided into two equal parts 9 and 10 in GS2, going to 

mixer Mi which is supplied with oxygen (28) and (27), and formed the artificial air 

flow 1 and 11 which entered the suction valves of the cylinders.

FIGURE 7.13 T-s diagram for the main (upper) and auxiliary (bottom) cycles. T in K, 

S in kW/K.
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Oxygen is going (25, 26) from reactor AD to GS3 where it is split into two equal 

parts 27 and 28. Fuel injection in the cylinders is indicated as F.

7.11.2 OXYGEN SEPARATION FROM AIR

The most important new feature of TD-2 with respect to TD-1 is the cold reactor AD 

based on pressure swing adsorption (PSA) technology.

Here are reproduced in Figure 7.14 and Figure 7.15 the technology and schemat-

ics of the PSA oxygen generator of the IGS Company (2006). Among many applica-

tions, there is no one related to zero emissions piston engine systems.

We have paid a great deal of attention to PSA oxygen generators as they are not 

well known in energy and automotive engineering. However, their use seems to be 

FIGURE 7.14 Description of PSA technology by IGS Company (IGS, 2006).

1. FEED AIR COMPRESSION AND CONDITIONING

2. ADSORPTION

3. DESORPTION

4. OXYGEN RECEIVER

5. OPTIONAL BACKUP SYSTEM
6. OXYGEN PRODUCT 
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very promising (in contrast to cryogenic oxygen generators) as they are easily trans-

portable. Vibration and inertial forces are not detrimental to adsorption-desorption 

processes.

7.11.3 CALCULATION RESULTS

In Table 7.5, the parameters of the node points are given by oxygen excess coefficient 

1.7 and oxygen fraction in O2-CO2 mixture of 0.4 and the pressure ratio 19.02 in each 

cylinder.

We maintain all of the cylinder equipment without any change with respect to 

prototype. Injection of high pressure fuel is assumed as the same, for example, by a 

plunger pump.

Table 7.10 demonstrates the oxygen flow rate 26 as 0.3787 mole/s or 12 g/s. In 

catalogues the capacity is given in normal m3/hour, 12 g/s equals to 31.16 m3/h of 

pure oxygen or 33 m3/h of 95% O2 by the air consumption about 360 m3/h. It is well 

within the limits of all of the known oxygen producers, such as IGS Oxyswing: On 

Site Gas Systems, CAN Gas Systems, Grasys, Oxymat, to name a few. A steady-state 

demonstration of TD-2 might use a device from a catalog, such as ‘0100’ or ‘0150’ 

of IGS.

FIGURE 7.15 Reproduction of a page of the IGS catalog on PSA oxygen generation (IGS, 2006).
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STANDARD APPLICATIONS

Apartment/bedroom air enrichment

Environmental remediation

Medical clinics

Welding, brazing and soldering

Water treatment

Nox Reductions for fuel burners

Glass and neon manufacturing

Foundries

Feed gas for ozone generators

Fish farming
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It is well known that almost all zero emissions power cycles have efficiency pen-

alties of some percentage points with respect to their prototypes as the payment for 

cleanliness.

In our case, the power and efficiency are equal. The halved number of cylinders 

gives some space for a PSA oxygen generator. It might not be enough to setoff and 

extra volume would be the payment for cleanliness. Furthermore, extra weight and 

volume are needed for liquid CO2 in a tank onboard, if TD-2 is used in transportation. 

Its mass is about 3 times more than the mass of fuel.

Calculations show the ability to create a zero emissions piston engine by con-

verting an ordinary diesel into a turbodiesel TD-2 with PSA cold oxygen gen-

erator without sacrificing any power or efficiency. Additional mass and volume 

should be evaluated, which depend upon advances being made by oxygen reactor 

manufacturers.

TABLE 7.10
Properties of Flows in the Node Points

Pressure Temperature Flow rate Enthalpy Entropy Substance
Point kPa K mole/s kWth kWth/K

  1 101.33 308 0.70033 7.967 0.002666 CO2, O2

  2 1,344 1.5048 88.80 0.10120 CO2, O2, H2O

  3 455 27.25 0.02723

  5 308 0.2063 0.5441 water

  6 1.29851 15.94 0.002673 CO2, O2

  7 0.27656 3.394 CO2, O2

  8 1.02196 12.54 0.002104 CO2, O2

  9 0.51098 6.27 CO2, O2

10

11 0.70073 7.967 0.002666 CO2, O2

12 1,643 0.29356 23.35 CO2, H2O

13 455 0.29356 5.647

15 308 0.03402 0.0897 water

16 0.25955 3.411 CO2

18 293 6.690 55.49 0.0000 air

19 354.64 440.4 4.878 61.51 0.007231 air

20 353.14 1,314 195.96 0.1739 air

21 102.00 1,011 147.46 0.1824 air

22 101.33 650 92.27 0.1152 air

23 354.64 440.4 1.81195 22.85 air

24 101.33 1.4333 18.07 nitrogen

25 354.64 0.37870 4.775 oxygen

26 101.33 308 0.37870 3.306 oxygen

27 0.18945 1.653 oxygen

28
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7.12 TRIGENERATOR FOR ENHANCEMENT 
OF OIL RECOVERY (EOR)

The oil industry is the most attractive consumer of carbon dioxide. Currently, many

millions of tons of crude oil are recovered in the U.S.A. by injection of carbon dioxide. 

Mainly, the source of CO2 is natural, from the Earth’s depths, such as in San Juan, Puerto 

Rico. However, a big project of the use of CO2 from coal gasifier (Weyburn, U.S.A. 

Canada) is also in operation with success. For the schematics of EOR, see Figure 7.16.

Contemporary oil exploration needs much power for drilling, mud pumping, and 

oil lifting. Oil enhancing recovery uses not only water injection, but also carbon 

dioxide and steam. Elsewhere oxygen is used to inject into the depth of a well for 

combustion and oil viscosity reduction.

Generation of power and all mentioned agents at different devices is cumbersome 

and inefficient. The one system for all purposes seems to be much better. Earlier 

attempts to create such multigenerating systems are described as the OCDOPUS 

project by Yantovsky et al. (1993, 1994). Here is presented the last attempt, which 

is well known in the oil industry: diesel engines. First, the two principal elements 

are indicated; see Figure  7.17 and Figure 7.18. The total schematics can be seen in 

Figures 7.19 and 7.20.

Control valves I, II, III, IV for the three regimes of operation (A,B,C):

Some other valves might be used, distributing a flow from one channel into one of 

the two. Most attention needs the II valve after gas turbine T1 due to high tempera-

ture. It should be made of turbine blades-like steel.

TABLE 7.11
Comparison of the Prototype and Proposed TD-2

Parameter Ford FSD425 TD-2

Coefficient of oxygen excess 1.7 1.7

Fraction of oxygen in mixture with inert gas 0.209 0.40

Compression ratio 19.02 19.02

Number of cylinders 4 2

Thermal power in cylinders, kWth 147.41 2  67.35

Thermal power of afterburner, kWth 0 20.08

Total thermal power, kWth 147.41 154.78

Indicated power, kW 70.56 2  24

Indicated efficiency, % 47.87 35.63

Effective power of piston engine, kW 52.0 2  19.36

Turbine power, kW 0 48.5

Compressor consumption, kW 0 28.87

Mechanical losses in turbocompressor, kW 0 3.802

Added power from turbocompressor, kW 0 15.83

Effective power, kW 52.0 54.55

Effective efficiency, % 35.28 35.24

CO2 production per hour, kg/h 39.41 41.11

CO2 atmospheric emission, kg/h 39.41 0
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Valve positions and flow directions for the three operating regimes are:

A. Starting with emission to atmosphere. Engine shaft activated by an electri-

cal generator, working as a motor from the grid.

  I—angular, 10’’–10

 II— angular, 4– 4’’

III—angular, 5–5’’

FIGURE 7.16 Enhancement of oil recovery (EOR) by CO2 injection.

Pump
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Gas Oil
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Production
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FIGURE 7.17 The cogeneration Wärtsila 12V34SG gas-fired piston engine power unit: elec-

trical power 4040 kW, efficiency 46.1%, frequency 750 Hz, mass 76 t.
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B. Normal zero emissions operation with CO2 and steam production.

  I—direct, 10’–10

 II—direct, 4’–4

III—direct, 5–5’

IV—direct, 29b–29

C. Power and oxygen production with atmospheric emissions.

  I—direct, 10’–10

 II—direct, 4’–4

III—angular, 5’–5

IV—angular, 29b–29’

Operation in B regime

Combustion products and CO2 leave (3) cylinder of engine, expand in T1, and go for 

heating (4) the air flow (19). Air (18) is compressed in C2 and heated in H, then goes 

to MR, deposits oxygen (about 60%) and expands in T2. As it has a high enough 

temperature, it produces steam going to 23. Flue gases (4) are cooled first in H, then 

in R4 (flow 5). Being dewatered in WS, dry CO2 enters splitter AB. A small part of 

the carbon dioxide, exactly equal to that born in combustion, is deflected (9) to be 

injected into a well. A major part of CO2 is returned to Mi to be mixed with oxygen 

from (29), compressed in C1, cooled in R1, and enter the engine cylinder. Gas fuel 

flows from 12 and forms the combustible mixture in (1). Oxygen from MR (26) flows 

to R4 (28) and then to the mixer (29).

7.12.1 CALCULATIONS

Engine manufacturers do not indicate the important parameters of the engine. Here, 

they are calculated, using experimental data from a similar engine.

By supercharging, the pressure is 0.258 MPa, temperature working substance 

after cooling is 70°C and back-pressure after cylinder is 0.309 MPa, the volume 

efficiency is 0.844 and the cylinder charge (the sum of fuel, oxygen and inert gas) is 

equal to 181.89 mole/s.

FIGURE 7.18 The unit for production of 350 t of pure oxygen per day (is to be halved for 

our case). The reactors are developed by Air Products and Chemicals (Armstrong et al., 2003), 

U.S.A.
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Assuming the fuel is natural gas with a heating value 827,317 kJ/mole, the cal-

culated engine parameters are: supercharging pressure 0.258 MPa; maximal pres-

sure 100 MPa; charge 181.89 mole/s; fuel flow rate 16.752 mole/s; oxygen flow 

rate 34.514 mole/s; inert gas flow rate 130.624 mole/s; thermal power 13,859 kW; 

FIGURE 7.20 Valve position (the change of a regime needs to turn on 90 degrees).

Direct flow Angular flow

FIGURE 7.19 Schematics of the system. VM  piston engine, MR  membrane reac-

tor, C1  supercharging compressor, T1  gas turbine, C2  air compressor, T2  depleted 

air turbine, H  air heater, WS  water separator, AB  gas splitter, Mi  mixer, R1-R4 

radiators (arrows are cooling air or water flows), Nmm  heat flow from turbocompressor 

mechanical losses, KU  clutch, Ne  mechanical power, Q1  heat from fuel combustion, 

12  fuel gas inflow, 9  carbon dioxide outflow, 30  water outflow, 18  ambient air inflow, 

4’’  starting flue gas outflow, 29’  oxygen production, 5’’  flue gases outflow during oxygen 

production, 23  hot air to steam boiler.
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compression ratio 6.5; indicator power 4,724 kW; engine power 4,142 kW; effective 

power 5,315 kW; from turbocompressor power 1,173 kW; indicator efficiency 0.341; 

effective efficiency 0.384.

Effective power is the sum of the engine power and added from turbocompressor 

ones.To assume electrical generator efficiency of 0.97, the calculated electrical power 

is 4018 kW which exactly coincides with 4040 kW indicated by manufacturers in the 

catalog. This coincidence assures that other figures are calculated correctly.

In this project, the forcing of the engine by increase of the oxygen fraction in its 

mixture with CO2 is recommended (Shokotov et al., 2006). In ambient air, the mass 

fraction of O2 in mixture with nitrogen is 0.209. In this project, the recommended 

mixture ratio is O2/(CO2  O2)  0.3253.

Calculated data on flows and parameters in node points of system are seen in 

Table 7.12.

In this regime, the system effective power is 9504 kW, efficiency is 46.3%, and 

carbon dioxide outflow is 5661 kg/h. The enthalpy flow (23) by air to steam boiler is 

9137.1 kJ/s at 262°C heated water in boiler up to 222°C. By boiler efficiency 60% and 

steam enthalpy 2878 kJ/kg, the steam flow rate is 1.9 kg/s or 164 t/day.

The calculated power in kW is given next in Table 7.13.

TABLE 7.12
Node Point Parameters (see Figure 7.19)

Pressure Temperature Flow Enthalpy Flow
Point (kPa) (K) (mole/s) (kWth)

  1 258.0 343 181.89 2,305

  3 309.0 1,67 191.75 15,051

  4 104.0 1,447 191.75 2,73

  5 101.33 535 191.75 4,231

  8 101.33 313 160.07 1,147

  9 101.33 313 35.74 477.6

10 101.33 313 157.1 1,870

11 260.0 393.4 157.1 2,371

18 101.33 293 642.79 5,331

19 607.95 520.4 642.79 9.637

20 606.45 1,373 642.79 27,098

21 606.45 1,373 591.7 24,944

22 104.0 950.2 591.7 16,734.1

23 101.33 535.4 591.7 9,137.1

26 101.33 1,337 51.087 2,153.63

28 101.33 535.4 51.087 788.89

29 101.33 313 51.087 453.35

30 101.33 313 50.52 152.29
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The substantial role of the depleted air turbine T2 is obvious.

By an electrical generator efficiency 0.97, the final results of the recommended 

system are given in Table 7.14.
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8 Solar Energy Conversion 
through Photosynthesis 
and Zero Emissions 
Oxy-Fuel Combustion

8.1 BIOMASS COMBUSTION—IS IT A SUSTAINABLE ENERGY?

In looking for electricity generation in the future, we should keep in mind the funda-

mental restrictions seen today:

The possible eventual end of fossil fuels

The inability of the atmosphere to accept large amounts of combustion 

products

A strong opposition of people to any kind of nuclear power

A very small energy current density (large land demand) for solar and wind 

power

A deficiency of oxygen in the atmosphere

The natural question is where should energy come from? The only physical pos-

sibilities seem to be geothermal and solar energy. The first had its own restrictions 

but it is beyond the scope of this book.

In our view, the only source is solar as it does not consume fossil fuels and does 

not cause oxygen or nuclear reactions on Earth. The thermonuclear reactions on the 

Sun, with combustion of 4 million tons of hydrogen in helium per second are far 

away from us. This energy irradiates into space and a tiny part of it is falling on the 

Earth’s surface supporting photosynthesis in plants on land and in the seas. A sche-

matic representation of the balance between incoming solar energy and its exchanges 

between the Earth’s surface and the atmosphere is shown in Figure 8.1.

A fraction of produced organic matter is called biomass and is used as fuel. With 

respect to this fuel, we should first consider the above question.

It is well known that exhaust gases of biomass combustion are no less harmful 

for our lungs (even carcinogenic) than exhausts of other hydrocarbon fuels. The only 

justification of biomass use is its CO2 neutrality with respect to the greenhouse effect. 

All the CO2 produced in combustion was previously absorbed in the photosynthesis 

reaction:

CO H O light CH O O
2 2 2 2

(8.1)
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During combustion, we have:

CH O O CO H O heat power
2 2 2 2

(8.2)

Here, CH2O is a simplified description of rather complicated organic matter in bio-

mass fuel, like wood or peat pellets or green plants.

Along with other hydrocarbon fuels, such combustion of biomass violates a major 

human right—the right to breathe. Why should one breathe the dirty air polluted by 

biomass combustion?

That is why the answer to the title question is: evidently not. The improvement 

of this setting might be found if the same reactions (Equations 8.1 and 8.2) are used 

according to the zero emissions principle. This means the total elimination of dis-

charge of combustion products into the atmosphere. Such a closed cycle of biomass 

use for electricity production was first described under the name SOFT cycle (solar 

oxygen fuel turbine) at the World Clean Energy Conference in Geneva, 1991; see 

Section 2.8. After detailed calculation, it was patented in the U.S.A., Russia, and 

Israel (U.S. Pat. 6,477,841 B1 of November 12, 2002). The schematic view of this 

SOFT cycle is shown in Figure 8.2.

The cycle is comprised of a pond with algae (the best are living in salty water mac-

roalgae Gracillaria or Ulva), a fuel separating unit (FSU), an air separating unit (ASU) 

for oxygen production, a zero emissions power plant (ZEPP) and absorber of carbon 

dioxide, and some other combustion products by water from FSU, then returning them 

into the pond to feed the algae. This process is the subject of the present chapter.

FIGURE 8.1 An illustration of the Earth’s energy budget (value: 100%  1368 W/m2 is the 

solar constant) (from: http://marine.rutgers.edu/mrs/education/class/yuri/erb.html).
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The algae mass is growing, converting CO2 into organic matter under solar light 

by photosynthesis. To increase profitability from algae, the high value organic matter 

as a raw material for the food industry, fodder etc. is to be extracted and the residual 

is used as the biomass fuel for power production. This is similar to the process in an 

oil refinery, where light fractions are first extracted. Due to elimination of nitrogen 

from the air, the products of combustion are easily absorbed by water and returned 

in the pond.

8.2 A SHORT HISTORY OF ALGAE CULTIVATION AND USE

Algae and seaweed use as a raw material is not new, especially in the food and phar-

maceutical industries. Algae cultivation for electricity generation has been discussed 

in recent decades. Many countries are very interested now in the algae cultivation for 

liquid fuel production (see: http://www.oilgae.com/).

All algae have been divided by microalgae (size of some microns) and macroalgae 

or seaweeds, which are much greater. The photosynthesis is similar in both and our 

early history will start from microalgae. However, the technical problems of cultivation 

and combustion are different. That is why we will then focus on macroalgae only.

First published results of the use of open ponds with microalgae to convert car-

bon dioxide from power plants into methane fuel belong to Golueke and Oswald 

(Benemann, 1993). They demonstrated a small system, involving microalgae growth, 

digestion to methane and recycle of nutrients. They tried to catch CO2 by injecting 

the flue gases into the pond regardless of a very small fraction of CO2 in flue gases 

(about 10%). Especially active at that time was the Solar Energy Research Institute 

(SERI, now NERL) in the aquatic species program. After the testing of the three 

outdoor algae facilities in California, Hawaii, and New Mexico, it was concluded 

that it is possible to produce microalgae in a large-scale pond at high productivity 

and relatively low cost.

Similar results published by Alexejev et al. (1985) from Moscow University, dem-

onstrate a small microalgae system called Biosolar with production of 40 g/sq.m dry 

biomass per day. The mineralized elements from the tank of produced methane are 

FIGURE 8.2 Schematics of the SOFT concept with an algae pond, fuel separation from water, 

air separation, oxy-fuel power plant and CO2 absorption and return (Yantovsky, 2002).
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reused by algae. CO2 is restored after burning. Alexejev stated: “1 mtce of methane 

might be produced from a surface of 70 sq. km annually.”

Chemistry of the algae pond was described by L. Brown (1993, 1996) along with the 

outlook of a raceway-type pond and a paddlewheel to move water. He also stated:

We estimate that microalgal biomass production can increase the productivity of desert 

land 160-fold (6 times that of a tropical rainforest). Microalgae require only 140–200 lb 

of water per pound of carbon fixed even in open ponds and this water can be low-

quality, highly saline water.

If the pond water is rich with nutrients like a wasted municipal water or released 

from an animal farm, these very high figures of dry biomass production were pub-

lished: 120 g/sq.m in a day (Lincoln, 1993), or 175 g/sq.m day by Pulz (cited by 

Kurano et al., 1998). These figures translate into 40 to 50 kg/sq.m annually.

In parallel to the pond developments, some schemes of relevant power plants use 

of produced biomass as a fuel have been proposed. A patent by Yamada (1991) con-

tains the use of dry algae as an addition to the regular fuel. A fraction of flue gases is 

released into the atmosphere by a stack. The rest is directed to an absorption tower 

to be washed by water, which dissolves CO2 from the flue gases and returns it to the 

pond. A sticking point of this scheme is the rather small fraction of CO2 in the flue 

gases, where the dominant gas is inert nitrogen. The separation of CO2 from nitrogen 

turned out to be an insurmountable problem.

The radical solution is the separation of nitrogen before, not after, combustion 

which has been described by Yantovsky (1991), see Section 2.8. Further development 

of the SOFT cycle will be presented in the subsequent sections.

Combustion of biomass in the artificial air, the mixture of oxygen and steam or 

carbon dioxide, gives the flue gases without nitrogen. Carbon dioxide might be easily 

returned in the pond to feed algae.

8.3 WHAT IS ULVA?

Here are some reproduced data from the Galway Institute (Ireland): A green alga (up 

to 30 cm across) with a broad, crumpled frond is tough, translucent, and membra-

nous; see Figure 8.3.

Crucial data for the SOFT project are productivity of ulva under natural insolation 

and by ordinary sea water temperature and chemical composition. There exists an 

experience of ulva harvesting in Irish land (Yantovsky and McGovern, 2006) where 

it is quite abundant. In addition to ulva, there exist a number of similar highly pro-

ductive seaweeds.

Let us try to evaluate a possible growth rate of macroalgae with dimensions of 

a branch from one to ten millimeters. For simplicity, assume the form of organic 

matter particle as a sphere. Its volume is V  (4/3)  r3 and crosscutting surface is 

A r2. Solar energy flow density (insulation) is  220 W/m2. Low heating value 

of produced organic matter is Hv  19 MJ/kg, the biomass density  800 kg/m3,

efficiency of photosynthesis  10%. As the result of photosynthesis, the radius r is 

increased. According to standard definition of the relative growth rate RGR  M /M,
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where M  is the rate of mass increase in a second or in a day and M is mass of organic 

particle, we have:

M /M RGR
3

4
,s

v

s

v

A

V H H r
(8.3)

In time increase M t M exp t RGR
0

( ) ( ) (8.4)

Here it is assumed that RGR  Const.

In this formula, least known are the two quantities: the efficiency of photosynthe-

sis (assume it as 10%) and the size of a considered particle (assume r  1 mm). With 

these rather preliminary assumptions, we have

M /M RGR 3/4 220 0.1/ 19,000 800,000 0.00( ) ( 11

0.108 10 [s ] 0.00378 hr 0.091/da5 1 1

)

~ yy.

The result is in agreement by order of magnitude with observed data. It is evident 

that the more r, the less is RGR. In some research, it is indicated that the decline of 

RGR after a large enough size of particles is achieved.

The direct measurement of the Ulva lactuca growth by different insolation in 

shallow water (40 to 70 cm) in the Roskilde Fjord, Denmark has been made by O. 

Geertz-Hansen and K. Sand-Jensen in 1992. The measured surface area A is initially 

17 mm diameter ulva disks. Growth rates denoted μ0 were calculated as:

RGR 1/ / , where days of in
0 o

( ) ln( )t A A t ccubation (8.5)

FIGURE 8.3 Ulva photo and distribution around Britain and Ireland (www.algaebase.org), 

(Ulva lactuca. Image width ca 6 cm (Image: Steve Trewhella. Image copyright information).
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Experiments vividly show the conversion of solar energy into chemical energy of the 

ulva biomass at the rather high latitude of Denmark; see Figure 8.6.

All five graphs are presented RGR in unit 1/day versus local insolation in mole/sq 

m day. The last unit should be converted in our convenient units W/sq m. Here 

mole  mole of photons  1 einstein  210 kJ and day  86,400 sec, hence, 10 mole/

sqm day  24.3 W/m2. Most important data are the rather high growth rate (up to 

0.3 liters per day) in natural conditions of 55 grad of latitude by modest insulation 

and real temperatures.

Most productive seaweed ulva is already working for water cleaning (denitrifi-

cation); see Table 8.1. New results on the maximum macroalgae growth shown in 

Table 8.2 were presented by Giusti and Marsili-Libelli (2005). The experience is of 

value for SOFT cycle.

TABLE 8.1
Ulva Production in the Denitrification Ponds

File Name: Ulva.xls File Name: Ulva.xls
Phytotreatment Pond Average Condition Phytotreatment Pond Average Condition

Ulva biomass (kg fw m2) 1.5 Ulva biomass (kg fw m2) 1.5

Water depth (m) 1.0 Water depth (m) 1.0

Temperature range (oC) 15 30 Temperature range (oC) 15 30

Light intensity range (μEm 2s 1) 500 2,000 Light intensity range ( Em 2s 1) 500 2,000

pH range 7 8 pH range 7 8

Experimental Measurements Experimental Measurements
Ulva growth rate (d 1) 0.1 Ulva growth rate (d 1) 0.1

Ulva assimilation ratios (μmole N 

d 1m 2)

40,000 Ulva assimilation ratios 

(μmole N d 1m 2)

40,000

User-Friendly Tool User-Friendly Tool
INPUT INPUT INPUT INPUT

Pond area (m2) enter value 1,300 Pond area (m2) enter value 8,000

Water flow (liter/s) enter value 250 Water flow (liter/s) enter value 140

Ammonia in inlet 

water (μM)

enter value 179 Ammonia in inlet 

water (μM)

enter value 61

Nitrate in pond 

water (μM)

enter value 6.0 Nitrate in pond 

water (μM)

enter value 6.0

OUTPUT OUTPUT
Biomass to be removed daily 

(kg fw d 1)

195 Biomass to be removed daily 

(kg fw d 1)

1,200

Denitrified nitrogen (%) 0.04 Denitrified nitrogen (%) 1.21

Assimilated nitrogen (%) 1.3 Assimilated nitrogen (%) 43.4

Total nitrogen removal (%) 1.4 Total nitrogen removal (%) 44.6

Ammonia in outlet water (μM) 1,76.5 Ammonia in outlet water (μM) 33.8

Source: Vezzulli, L. et al., 2006.
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As the depth of ponds here is 1 m, the dry weight of ulva biomass is 1.5 kg per 

cub.m of water and growth rate 0.1/day. Daily produced biomass is 1200 kg (case 

‘B’)  13.8 g/s. If one assumes the LHV of biomass  19 kJ/g, the energy flow in bio-

mass as a fuel is 262.2 kW. Assuming a realistic efficiency of fuel into power conver-

sion as 25% (even in small units like microturbines or piston engines of ZEMPES), 

the produced power from such a pond of 0.8 ha surface is 65.5 kW or 100 kW from 

1.22 ha. In the subsequent calculations, the same power needs 4 ha due to much less 

assumed biomass productivity. It is possible because the photosynthesis in denitrifi-

cation is more productive than in sea water without nitrates.

A role of nitrides mentioned in earlier work (AFDW is an ash free dry weight, 

NGR  RGR) has been confirmed:

We recorded specific growth rates (NGR) ranging from 0.025 to 0.081 d–1 for a period 

up to two months in the repeated short-term experiments performed at relatively low 

initial algal densities (300–500 g AFDW m–3). These NGR resulted significantly related 

to dissolved inorganic nitrogen (DIN) in the water column. Tissue concentrations of 

total nitrogen (TN) were almost constant, while extractable nitrate decreased in a simi-

lar manner to DIN in the water column. Total phosphorus showed considerable varia-

tion, probably linked to pulsed freshwater inflow.

In the long-term incubation experiment, NGR of ulva was inversely related to den-

sity. Internal concentrations of both total P and TN reached maximum values after 

one month; thereafter P concentration remained almost constant, while TN decreased 

below 2% w/w (by dry weight). The TN decrease was also accompanied by an abrupt 

decrease in nitrate tissue concentration. The biomass incubated over the two-month 

period suffered a progressive N limitation as shown by a decreasing NY ratio (49.4 

to 14.6). The reciprocal control of ulva against biogeochemical environment and vice 

versa is a key factor in explaining both resource competition and successional stages 

in primary producer communities dominated by ulva. However, when the biomass 

TABLE 8.2
Maximal Relative Growth Rate of Macroalgae and Rates of Other Processes

Estimated Parameter Values and Confidence Intervals

Parameter Meaning Unit Literature Value Calibrated Value

max04
Ammonification rate day 1 0.045 0.1263–0.0251

max42
Nitrification rate day 1 0.011 0.0010–0.00078

max23
Nitrification rate day 1 0.046 0.1323–0.0147

denit
Denitrification rate day 1 0.37 0.8329–0.0948

max
Macroalgae maximum growth rate day 1 0.23 0.4509–0.0312

m
Macroalgae decay rate day 1 0.03 0.0594–0.062

SR Ruppia decay rate day 1 0.041 0.0675–0.0043

max
Ruppia maximum growth rate day 1 0.17 0.3780–0.0235

Source: Giusti, E. and S. Marsili-Libelli, 2005.
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exceeds a critical threshold level, approximately 1 kg AFDW m–3, the macroalgal com-

munity switches from active production to rapid decomposition, probably as a result 

of selfshading, biomass density and development of anaerobic conditions within the 

macroalgal beds.

Systematic measurements of ulva growth in natural conditions of a coastal lagoon 

at Sacca di Goro, Adriatic Sea, Italy, have been made by Viaroli et al. (2005). On the 

area of 26 sq.km with an average depth of about 1.5 m by observing different chemi-

cal content of water, they recorded RGR of ulva about 0.05 to 0.15 1/day. This is a 

renewable source of fuel for the SOFT cycle of about megawatt range. Needed data 

on the monthly averaged insolation on different latitudes are given in Figure 8.4.

8.4 MACROALGAE AS A RENEWABLE FUEL

Having looked at the growth rate of RGR  0.08–0.23 in literature and fantastic “cali-

brate value” RGR equal to 0.4509, we need to learn the main property of any fuel—

the heating value. Sometimes, it is called calorific value when measured in calories. 

In literature, one may see different values ranging from 10 to 19 MJ/kg. What must 

be determined is what is meant by kg, dry or wet, and with ash or without. The most 

comprehensive assessment seems to be the work by M.D. Lamare and S.R. Wing 

(2001). Here, dry algae samples are disintegrated and combusted in a calorimetric 

bomb; see Figure 8.5.

Extrapolating to zero ash, we see 4.7 kcal/g dry weight or 19.67 kJ/g, which might 

be accepted for all organic matter of different algae. By 10% of ash, it is about 

FIGURE 8.4 Averaged insolation on different latitudes: 0N  equator, 90N  North Pole.
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19 kJ/g, which is selected for our energy conversion calculations. Heating value of 

algae depends on a season of growth; see Figure 8.6.

In these measurements, the heating value of ulva seems to be a little less than 

19 MJ/kg. However, we will use just this figure as more statistically proven.

Quite recently, information came to light that Danish researchers look at seaweed 

for biofuel (see, http://biopact.com/2007/08/). In studies at the University of Aarhus, 

it was found that Ulva lactuca thrived when fed with liquid fertilizer and carbon 

dioxide, the greenhouse gas.

An optimal production process could yield up to 500 tons of biomass per hectare 

annually. The test species grew fast, doubling its biomass every three to four days, 

meaning RGR at about 0.25 of 1/day. It confirmed the measurements by Geertz-

Hansen and Sand-Jensen (1992); see Figure 8.7.

In the SOFT process, the feeding by CO2 and needed minerals such as returned 

ash are the unavoidable part of the total energy conversion.

Danish researchers say that for the time being, such high-tech forms of aquacul-

ture as seaweed cultivation would be prohibitively expensive. We think that by being 

a part of the energy conversion process using large-scale equipment, the specific cost 

of biofuel could be reduced.

In the growing library of literature about biofuel production from plants or grass-

lands, the most popular is a giant grass miscanthus. According to data from the 

University of Illinois (http://miscanthus.uiuc.edu/index.php/research/), the annual 

yield of miscanthus in the U.S.A. is within the limits of 27 to 44 ton/ha. Having 

looked at this figure of annual ulva productivity of 500 ton/ha, we see a tenfold 

excess over the best crop on land due to much higher photosynthesis efficiency.

FIGURE 8.5 Correlation line for many algae: heating values versus ash content (Lamare and 

Wing, 2001).
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FIGURE 8.6 Heating value variation in a year versus a month of production (Lamare and 

Wing, 2001). (a) Ash-free, (b) ash content calorific content, and (c) day length in Otago 

Harbour, New Zealand. Note: The New Zealand winter season is May–August.
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8.5 MACROALGAE CULTIVATION IN ISRAEL AND ITALY

The crucial data are based on Israeli experience (Osri, 1998). In 1998, there were 

three raceway-type ponds, each having a surface of 1500 sq.m with paddlewheel sea 

water circulation. CO2 was supplied by a tank on a lorry and injected into the water by 

perforated tubes. The depth of the water was 0.4 m, having a power hydrogen factor 

pH  7. The firm figures were obtained for seaweed gracilaria only. The stable pro-

ductivity of dry mass from a pond was 12 t/year or 8 kg/sq.m/year. These ponds were 

located in Northern Israel, near the sea, from which the sea water was pumped into 

ponds. The produced biomass was used as raw material for chemicals and pharma-

ceutics. Recently, some headway in seaweed cultivation has been made by Noritech-

Seaweed Biotechnologies Ltd (http://www.noritech.co.il/Noritech/index.asp).

In Italy, the main practical interest in ulva seems to be concentrated in water clean-

ing and denitrification (De Casabianca et al., 2002; Bartoli et al., 2005; Vezzulli et al., 

2005) where much research has been done in Genova, Venice, and Parma universi-

ties. Their active work gives an opportunity to use the SOFT cycle as an incinerator, 

deflecting extra nitrides, heavy metals, and other contaminants and also as a fuel 

separation device to dispose of contaminants, perhaps in some depth underground.

8.6 ENERGY FLOW CONCENTRATION

The main obstacle of solar energy capture is its very low current density, especially 

when annually averaged. In Israel, it is about 220 W/m2, only 16% of the solar con-

stant (1368 W/m2). In central Europe, it is half that much. Thus, the energy expendi-

ture and cost of incidental energy absorption is of primary importance.

FIGURE 8.7 Ulva growth rate versus insolation near Denmark seasonal variation (Geertz-

Hansen and Sand-Jensen, 1992).
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In the case of photovoltaics with an algae pond, it is much less, about 3 to 5%. But 

the energy expenditure of absorber is: pond is 100 times less than that of silicon.

Having been absorbed by algae, the solar energy in chemical form is concentrated 

by water flow much better than by an optical concentrator. The concentration factor 

of a paraboloid concave mirror is about 500; it means the averaged focal spot energy 

current density is about 500  220  110 kW/m2.

Energy flow in the pipe from the algae pond to processing is about:

w Hw v 0.001 1,000 1 19.106 19,000 kW/m2  (8.6)

Here,  0.001  mass fraction of biomass in water,  1000 kg/m3, in water den-

sity, ww  1 m/s — flow velocity of the water, Hv  19 MJ/kg  dry biomass heating 

value.

It is evident that energy current density in the pipe is one hundred times more than 

that in the focal point of an optical concentrator. It is referred to as hydrodynamic 

concentration. It means the equipment size for the subsequent energy conversion 

processes should be rather small. It is more important than the large size of a solar 

energy absorber (inexpensive pond or shallow sea under offshore wind turbines).

Let us evaluate what height h and what velocity ww might achieve in one ton of 

water using seaweed contained in it for energy. Assume the efficiency of separation 

fuel from water as 0.9, and efficiencies of power cycle as 0.5 and that of hydraulic 

pump as 0.8, by heating value of dry mass Hv  19 kJ/g and its concentration 0.001. 

From simple relation:

M g h Hvm , (8.7)

we have H 0.9 0.5 0.8 0.001 19,000,000/9.81 697 m.

Based on the kinetic energy M ww
2/2, it follows

M w Hw m v
2 / =2 , (8.8)

and

ww 0 36 0 001 19 000 000 82 7. . , , . m/s

These figures show that even a small part of energy in water with biomass is enough 

to elevate this water to the height of the highest dams or to create its flow with rather 

high velocity. It is important to regulate the appropriate circulation of water in the 

pond to give time for seaweed growth.

8.7 POWER UNIT OUTLOOK

A schematic of the SOFT cycle is presented in Figure 8.8. Water with algae 6 from 

the pond 4 is going to the water separation unit 12, from where the pure water with-

out algae is used as a circulating water to cool condenser 14 and absorb CO2 in 16. 
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Wet organic matter is dried in 18 by heat of flue gases. Relatively dry fuel is directed 

to the fluidized bed combustor 8. After combustion in the artificial air (the mixture of 

oxygen and carbon dioxide) flue gases go in the cyclone separator 20, the deflected 

ash is returned into the pond CO2 with some steam going through the heat exchanger 

19 and fuel drier 18 to a separation point, from where a major part is mixed with oxy-

gen, forming artificial air for fluidizer and a minor part is directed to absorber 16 to 

be dissolved in circulation water and returned to the pond. This minor fraction of CO2

flow is exactly equal to CO2 appeared in combustion. Oxygen is produced from air at 

the cryogenic or ion transport membrane (ITM) unit 10. Water from condenser 14 goes 

by a feed water pump through heat exchangers 18 and 19 into tubes of the fluidized bed 

combustor 8 (boiler). Produced steam expands in the turbine 22, driving the generator. 

Low pressure steam is condensed in 14. Actually, it is the ordinary Rankine cycle.

Some word on the chemical production. It is unwise to combust the crude sea-

weed at a power plant in the same sense as it is equally unwise for such use of crude 

oil. A small mass fraction of seaweed contains very useful organic chemicals which 

should be deflected along with water separation before the fuel combustion. There exist 

FIGURE 8.8 Schematics of the SOFT cycle (Yantovsky, 2002).
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lots of methods for high organic separation, which is far from the scope of the pres-

ent book. In any case, the chemical production could improve the economics of the 

SOFT cycle.

Let us take for a numeric example, the decentralized power supply by a small 

power plant of 100 kW (Iantovski et al., 1997). In order to get reliable figures, we 

make rather modest assumptions:

Fuel is wet (50% water content)

ASU power consumption by 98% oxygen purity 0.22 kWh/kgO2

Superheated steam before turbine 130 bars, 540 C,

Isentropic coefficients of turbine 0.80, of feed pump 0.75

Seaweed productivity 16 kg/sq.m/year or 10 W(th)/sq.m

Photosynthesis efficiency 4.6%

Calculated results are:

Heat input  425.5 kWth

Net output  107.3 kWe

Cycle efficiency 25.2%

Pond surface  4 hectare

The graphs of efficiency versus fuel moisture are outlined in Figure 8.9. For pos-

sible figures of Rankine cycle with reheat and efficiency of 35%, the needed surface 

of the pond is 3 ha. To supply an Israeli kibbutz of some hundreds of people, 4 to 5 

such units and a pond of 15 to 20 ha is sufficient.

For a local power plant of 10 MW with the cycle efficiency of 40% and pho-

tosynthesis efficiency of 6%, the specific power per square meter is about 5 W 

FIGURE 8.9 Efficiency of a 100 kWe cycle vs. dry fuel mass fraction in a wet fuel (Iantovski 

et al., 1997).
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(220  0.4  0.06  5.28), and the pond size is about 2 sq.km. By order of magni-

tude, it is comparable to the Yatir reservoir in the Negev Desert near Beer Sheva. 

The Keren Kayemeth LeIsrael is planning to build 100 water reservoirs in the next 

5 years. One of these might be used for the SOFT demonstration.

Finally, for the national power demand of 10 GW (about 2 kW per capita) in 

Israel, a reasonable extrapolation is possible: expecting specific power of 10 W/sq.m 

due to the increase of cycle efficiency and photosynthesis. It means the needed pond 

surface is about 1000 sq.km. The surface of the Dead Sea is identical (exactly 980 

sq.km). If in the future a Life Sea (with the normal, not deadly salt concentration for 

seaweed) would appear in the desert, not too far from the Dead one (see Figure 8.10),

it could give the country full electrical power along with a lot of fresh water and 

organic chemicals. There would be no emissions of combustion flue gases and no 

net consumption of oxygen, which is consumed in combustion but released in photo-

synthesis. The only need is solar energy and a piece of desert. With either, a possible 

terror attack would not cause any serious damage.

An Israeli representative at the Johannesburg Summit, Jacob Keidar, announced 

the Israel-Jordan project of a 300-km long pipeline t from Red to Dead Seas. The 

Life Sea might be a useful consumer of the transferred water at the middle of the 

pipeline; see Figure 8.10.

8.8 GASIFICATION

In the proper energy mix, not only electricity, but also gaseous or liquid fuel is 

needed. In the SOFT cycle, it is attainable by a small modification (Figure 8.11). The 

difference is the incomplete combustion (gasification) in the fluidized bed reactor. 

Now it is a gasifier 24. Biomass gasification is well documented.

Fluidized bed gasification experiments with the sugarcane bagassa described by 

Gomez et al. (1999) produced a gaseous fuel mixture consisting of carbon monox-

ide, hydrogen, and carbon dioxide. After cleaning in 20, it is used in a piston engine 

or turbine 26, producing mechanical power. The same fuel–gas mixture might be 

converted into liquid fuel like methanol or even gasoline. After combustion in 26, 

the flue gases are absorbed by circulated water and returned to the pond 4 to feed 

seaweed 6. The figures in brackets 0.06 and 103 reflect mass ratio water/CO2.

Similar processing of seaweed biomass is possible by thermolysis, when heating 

it in a closed volume by flue gases.

8.9 WATER DESALINATION

For the state of Israel, the problem of fresh water is no less severe than that of electri-

cal power supply. The annual demand is about 1.4 cub.km of fresh water. It rains only 

50 days a year and 60% of the land is deserts.

Let us consider what the SOFT cycle might do for desalination: is it possible to 

use low-grade heat after the turbine expansion to evaporate a fraction of the circulat-

ing salty water (sea water) with the subsequent condensation of vapor for the fresh 

water production (desalination)?
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FIGURE 8.10 Location of the tentative Life Sea in the Negev Desert in the middle of the Red 

Sea — Dead Sea Channel.
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Assume an evaporator of a minor fraction of circulating water after turbine. 

Cooling and condensing this vapor by the major part of circulating water gives fresh 

water as condensate.

How large is its flow rate? Assume the turbine as a back-pressure type, by exit 

steam pressure 1.2 bars. If in a modern high-temperature steam turbine the inlet 

is 1000 K by 200 bars, the enthalpy is 3874 kJ/kg. After expansion, the steam is at 

450 K and 2830 kJ/kg. For water evaporation by 1 bar, the enthalpy drop of 2500 kJ/kg 

is enough.

In a small power unit of 100 kW, the mass flow rate of cycle water of a Rankine 

cycle is 100/(0.25 1044)  0.4 kg/s. The mass flow rate of desalinated water is the 

same 0.4 kg/s. For a small demonstration plant, the figures are: pond surface 4 ha 

(40,000 sq.m); power 100 kW; dry fuel flow 0.021 kg/s; chemicals (4%) 1 g/s, and 

the fresh water 0.4 kg/s.

Specific dry fuel consumption is 756 g/kWh. It is about twice the excess of stan-

dard fuel consumption in microturbine power units due to lower heating value and 

low efficiency.

In a 1 GW power plant with cycle efficiency 40% and pond surface 10  20 km, 

the flow rate of produced fresh water is 4 Mg/s or 14,400 t/h. Assuming operation at 

7,000 h/year, the yield of water annually is about 0.1 cub.km. It is evident that if the 

SOFT cycle with water desalination would be used on a full scale, it might meet all 

water demand.

Contemporary practice of the use of 18 power generating and desalinating plants 

at the West Bank of Arabian Gulf Asouri, giving 15 GW of power and 1.9 cub.km of 

desalinated water annually, confirms the above assumptions.

In case of applicability, the experimental results of Italian researchers with higher 

growth Sulva figures, the size of the mentioned ponds might be greatly reduced.

FIGURE 8.11 Gasification version of the SOFT cycle (Yantovsky, 2002).

N210
24

4 6

20

26

16

12

Air

Ash

C
H

2
O

O2

O2

H2O

CO+H2+CO2

CO+H2+CO2
CO2+H2O (C.06)

CO2+H2O+hD CH2O+O2

C
O

2
+

H
2
O

 (
–

1
0

3
)

87916_Book.indb   193 3/26/09   12:20:24 PM



© 2009 by Taylor & Francis Group, LLC

194 Zero Emissions Power Cycles

8.10 COMPARISON WITH THE FIRST SOFT VERSION OF 1991

The closed cycle power plant concept, based on algae photosynthesis in a pond, 

combustion of organic matter of dried algae in a zero emissions power plant and CO2

capture to return in the pond for feeding algae was published in 1991; see Figure 10

in Section 2.8 (Yantovsky, 1991). Here, an air separation and expansion in a steam 

turbine was used. The difference was in the inert gas, which replaced nitrogen in the 

combustor. It was not carbon dioxide but steam. Also different was the algae: micro, 

not macro, was used. A fluidized bed combustor was not used but was replaced by 

a gas-turbine one for clean fuel. After the triple expansion in turbines together with 

steam, the carbon dioxide was returned to the pond.

Now this version is actively used by Clean Energy Systems (CES) creating a dem-

onstration plant of 5 MW in California not for algae, but for ordinary gas fuel. It is 

the first zero emissions power plant (Figure 2.5). Had it been successful, it might be 

added by an algae fuel system for a SOFT cycle demonstration.

It is confirmed that seaweed ulva, selected as a renewable fuel for the SOFT cycle is 

well documented, its main properties are: relative growth rate RGR  0.1 to 0.2 per day 

(or 10–20 times in a month by averaged insolation) and heating value of 15 to 19 MJ/kg

of ash-free dry weight. Optimal organic matter concentration is 1kg/cub.m (0.001 by 

mass of water).

The SOFT power cycle is of practical interest to countries with sufficient solar 

radiation and this concept is ready for engineering, economic calculations, and 

demonstration.

It is non-fossil fuel, non-nuclear, non-polluting, and non-oxygen consuming power 

cycle with the least expensive receiver of solar radiation and effective hydrodynamic 

concentration of energy flow. Its additional service to the human environment might 

be incineration by combusting ulva with nitrides and other contaminants from added 

brackish water.
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9 Associated Tool 
for Calculations

INTRODUCTION

We have considered different cycles, each with different working substances and dif-

ferent parameters. What should a designer do? How to select the best solution?

Among many goals and targets, we will fix the three values to be minimized: fuel 

consumption, money expenditure, and pollution. As usual, when one of the three is 

decreased, the others might increase. For decision making in modern energy policy, the 

optimization is multicriterial. Many decisions change criterions in opposite directions.

At the end of this chapter is a presentation of the method of optimization of 

Wilfredo Pareto: multicriterion optimization in the frame of three axes: fuel, cost, 

and pollution. The cost is the subject of economic calculation on the lowest of cur-

rent and forecasted prices. It is definitely beyond the scope of this book. Pollution is 

the subject of chemical engineering, treating energy equipment as chemical reactors. 

Fuel would only be considered in some detail as it is considered thermodynamics. 

Instead of fuel minimization, we will consider a more general approach, well devel-

oped in modern engineering thermodynamics—the exergy analysis. The next section 

is written to be more understandable for newcomers to exergy.

9.1 WHAT IS EXERGY?*

—What is Matter?
—Never mind.
—But what is Mind?
—It doesn’t matter.

From a talk between a curious boy and his grandfather

When we went to school, rather long ago, we learned physics lessons about mass, 

force, work, energy, charge, and other important things. But I had never heard the 

word “exergy.”

Now, when we are writing these lines, we keep in mind our children and grandchil-

dren. We wish to do our best to tell them and others, and, perhaps, even their teachers, 

what exergy is, in order to include it in the list of the above mentioned terms.

To tell fundamental physical terms in the form of their definition, using other, 

more understandable words, is almost impossible. There are no words more simple 

than mass or energy. Examples, taken from everyday experience or seen in nature 

or engineering might help to understand “what it is.” The term “exergy” should be 

* Reproduced from the book “Energy-Efficient, Cost-Effective, and Environmentally-Sustainable 
Systems and Processes” Edited by R. Rivero et al. pp 801–817, Instituto Mexicano del Petroleo. Printed 

in Mexico. Copyright 2004.
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introduced to teenagers, regardless of their future profession. Otherwise, their edu-

cation would be incomplete. Exergy will help to form the weltanschaung of young 

people toward sustainable world development.

9.1.1 NATURAL QUESTIONS

Something is rotten in the state of Denmark.

Shakespeare, Hamlet

Something is really not in order (rotten) in the fundamental definitions. One may 

find such a wording in many textbooks for schoolchildren: Energy is the ability to 
do work. If one is so curious as to search what work is, he finds the answer: Work is 
energy in transition … or about the same, … energy transfer across a boundary. Such

definitions form a vicious circle. The history of physics shows vicious circles occur 

to cover misunderstandings.

Other questions appear when a pupil learns energy conservation law from a 

teacher. “I have heard many times we are obliged to save energy, to prevent its wast-

ing because it is very difficult to produce it. Why do I need to conserve energy if our 

Lord actually does this? Would He like to do the same in the future as He did it in the 

past? And how is it possible to produce energy if it can’t appear or disappear? I feel 

I need to conserve something, but what it is?”

These questions are not naïve. However, they are missing in secondary school 

physics. Here, I’m trying to fill the gap. All the things I wish to discuss are consid-

ered using examples from everyday life, almost without any mathematics. I think the 

best way to explain a general law is to recognize a similarity or coincidence in some 

examples which at first glance appear to be quite different. The first example we will 

use to show the main assumption under consideration is the assumed equilibrium 

of the state of considered events. The difference between it and nonequilibrium is 

evident in Figure 9.1.

9.1.2 MOUNTAIN BIKE

Great things are done when men and mountains meet.
This is not done by jostling in the street.

William Blake

You are standing with your bike at the top of a hill. When going down, even without 

using pedals, you will move with significant velocity. Your mass (you and the bike) 

times half of the square of velocity nearly equals your weight times the height dif-

ference between the top of the hill and your actual position at the moment. Why 

do we need to underline “nearly equals”? It is to denote exactly equal if there is no 

friction.

This example of friction shows us an everyday experience: there always exists a 

force directed opposite to velocity. In the case of a bike, it is the friction of the wheels 
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and resistive action of air. Due to this friction that we will call “mechanical,” you can 

never reach the same height on the next hill without using pedals.

We used to say that on the top of a hill, you have a potential energy. Going down, 

you have a kinetic energy, which nearly equals the change of a potential one. We 

expect the conservation of energy according to the law of its conservation, as stated 

by Robert Julius Mayer in 1842. The deficiency equals the friction work, which is 

friction force times your path downward. The natural question of a curious boy is, 

“where is the deficiency of kinetic energy going?” If you rub your palm over a carpet, 

you feel the temperature rise: friction produces heat. The heat might be very inten-

sive. It might melt metals in friction welding devices. In Figure 9.2a, friction is the 

total work done by a man rotating the pedals. His eager wife is using friction to boil 

some water for cooking.

The first experiments showing the equivalence of friction work and heat were 

made by James Prescott Joule. In his lecture “On Matter, Living Force and Heat” in 

St. Anna Church Reading Room, Manchester, on April 28, 1847, he stated:

Experiment had shown that wherever living force is apparently destroyed or absorbed, 

heat is produced. The most frequent way in which living force is thus converted into 

heat is by means of friction. In these conversions nothing is ever lost. The same quantity 

of heat will always be converted into the same quantity of living force.

Here, living force is what we now call kinetic energy.

We wish to add only one comment to these very important words, found in A. 

Lightman’s excellent book, Great Ideas in Physics (Lightman, 1992). The last 

FIGURE 9.1 Equilibrium (a) and nonequilibrium (b) state in a very familiar thermodynamic 

system.

(a)

(b)
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sentence clearly expressed the energy conservation law, but contradicts another, not 

less important law of nature, the law of energy degradation. Actually, all heat can 

never be converted into kinetic energy of moving bodies, which was discussed by J. 

Joule. Only a portion of heat can be converted. We will speak about it a little later.

We need to accept that mechanical friction produces some heat at the temperature 

of sliding surfaces.

9.1.3 WATERFALL

... and again I hear
These waters, rolling from their mountain spring
With a soft inland murmur.

W. Wordsworth Lines Composed a Few Miles above Tintern Abbey

We see more or less the same phenomenon looking at a waterfall. The water falling 

from a dam, which was at rest before the dam, might flow with a great velocity. Its 

kinetic energy nearly equals to potential one before the dam. The difference is caused 

by so-called “hydraulic friction,” the shear of water layers near the channel wall. 

Behind the dam, at the bottom, where water is again at rest, its temperature should be 

a little higher; however, in reality, its rise is very small. The same great man, James 

Joule, during his vacation in Switzerland, tried to measure it with a thermometer with 

0.1°C scale and failed to detect any rise.

FIGURE 9.2 Work conversion into heat by friction.

(a)

(b)
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In order not to lose the energy of water, but instead to use it to produce power, a 

turbine should be installed in the falling water. Turbine blades rotate and convert the 

potential energy of water into shaft work. Then in an electric generator, some power 

is produced. The obtained electrical energy is less than the energy of falling water 

due to the two kinds of friction: mechanical friction of water over the walls, turbine 

blades, and lubricants in journal bearings and a new important kind of friction, elec-

trical friction in conductors.

We can transfer electrical charges in solid (metals), liquid (solutions), and 

gaseous conductors. The flow of electrical charges we call current carries electri-

cal power. In most cases, the amount of positive and negative charges is strictly 

equal. It means the conductor as a whole is electrically neutral. In metals, the 

positive charges are fixed in the crystalline lattice, wherever the negative ones 

(electrons) form electron “gas,” which flows in a conductor similar to a neutral 

gas in a pipe, with the lattice as an obstacle. Electrons collide with fixed par-

ticles, which create a kind of retarding force for electron gas. We call it electrical 
friction. It is actually the same as electrical resistance, which produces Joule’s 

heating of a conductor. We use this heat in numerous cases at home, i.e., when 

ironing trousers or boiling water. The last is depicted in Figure 9.2(b) when elec-

tricity is produced by a man, performing physical exercises. This heating might 

increase the temperature of a refractory metal up to 3000 K, as can be seen in a 

filament of a light bulb.

Liquid conductors are used much less than the solid ones; however, they are used 

enough to be mentioned. For instance, the simplest water heater uses the ability of 

fresh water to conduct electricity by means of moving ions. This device might con-

vert exactly all the power into heat in full accordance with the first sentence by J. 

Joule. Here, electrical friction is just viscous mechanical friction of liquid around 

ions as very small spheres. In the salty (sea) water ion concentration, electrical con-

ductivity is much higher than in fresh water. Much less voltage is needed for conduc-

tive heating of salty water.

Gaseous conductors are mixtures of neutral particles, ion gas, and electron gas. 

Here, the collision of particles not only originates friction, but also splits the neutral 

particles, producing electrons and ions. Such a mixture is called “plasma.” Ninety-

nine percent of substance in the universe is in plasma state. Our sun is entirely 

plasma, where 4 million tons of hydrogen per second are converted into helium by 

thermonuclear reactions. Electrical friction is very influential on the sun’s plasma 

behavior. Numerous plasma conductors can be seen nightly in the streets of our cit-

ies, forming announcements and ads. This plasma is called “cold ions” and neutrals 

do have ambient temperature and only electron gas has high temperature. Electrical 

friction here depends upon electron gas only.

9.1.4 CARNOT ANALOGY

Daddy, I’ve thinked of a secret surprise
You look just like a carp-fish with its mouth open

R. Kipling, How the Alphabet Was Made
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It is in the nature of children to find and immediately indicate a similarity of different 

things. As usual, it does not have any serious consequences, as in the case with the 

daddy looking like a carp-fish. In some rare cases, the similarity (analogy) found by 

a clever boy had great consequences in physics.

The notorious man in the French history, Lazar Carnot, in addition to his duties as 

Napoleon’s minister, was an excellent hydraulic engineer. He knew everything about 

the conversion of water energy into mechanical power by means of turbines: the 

power is nearly equal to water flow rate times the water height. Since his childhood, 

Carnot’s genial son, Sadi knew this rule. He understood some similarity between the 

height and temperature and between the water flow mechanical power and the flow 

of heat. For the counterpart of the weight flow rate of water, he imagined a flow of 

a special liquid, which he called “caloric.” In his mind, the heat flow was the caloric 

flow rate times temperature. The height difference of water corresponds to the tem-

perature drop in a heat flow.

Every analogy does not mean identity. Temperature, as we know now, is mea-

sured from an absolute zero, whereas a height’s zero is arbitrary. However, it does 

not matter when we consider differences. Unlike any other liquids, the caloric is 

weightless. It neither evaporates nor freezes. These minor differences did not pre-

vent the universal acceptance of Sadi Carnot’s theory. As a military engineer, he 

published his views in a book which in 1824 become the first textbook on heat 

engines. This at a time when the author was only 28 years of age. He formulated the 

maximal fraction of heat flow, convertible into power. It is the ratio of the tempera-

ture difference in and out of a heat engine to the absolute temperature at the entrance 

of heat (Carnot factor).

As the temperature at the exit of heat is not less than the ambient one, the convert-

ible fraction is significantly less unity. To increase it, thousands of engineers after 

Carnot tried to increase entrance temperature in heat flow conversion. Now, the high-

est temperature in gas turbines is about 1700 K. If ambient temperature is approxi-

mately 300 K, the maximal fraction equals (1700  300)/1700  0.82.

Due to all kinds of friction, the best already attained in practical efficiency of a 

combined unit with gas and steam turbines is 0.60. This shows the last statement by 

J. Joule on the total heat convertibility to be invalid.

Let us focus now on the most unusual property of the liquid “caloric,” assumed 

by Carnot and his contemporary colleagues: it can be born from nothing,

from no substance. To produce caloric, only a friction of mechanical, electrical 

or thermal is needed (see below). Important transformations of the concept on 

caloric had happened some decades after Carnot, mainly by Rudolf Clausius. 

He showed that as a liquid, the caloric does not exist. He introduced the word 

“entropy,” which became the most widely used, popular, difficult, and some-

times misleading word in physics. We do not feel much more comfortable with 

this word and, in the present text, prefer to keep the old word, caloric. We under-

stand it is a step back; however, it is only one step back to make some steps 

forward.

Hence, as in the time of Carnot, speaking on a heat engine or a home battery, we 

count a heat flow as the temperature times a caloric flow rate.
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9.1.5 THERMAL FRICTION

I am a daughter of Earth and Water
And the nursling of the sky,
I pass through the pores of the ocean and shores
I change, but I cannot die.

P. B. Shelley, The Cloud

Sadi Carnot stated in his great book that to produce maximum power from a heat 

flow, there should never be a temperature change without a volume change. Volume 

change means expansion, when temperature declines (if no heating) or compression, 

when it increases (if no cooling). However, in reality, there exists unavoidable heat 

flow if there is a temperature difference. In real life, temperature change and asso-

ciated flow of heat exist everywhere. Sometimes, we try to diminish this heat flow 

and install a thermal insulation as we do for our home walls. Sometimes, we need to 

transfer thermal energy through a wall of a heat exchanger, trying to make the wall 

more heat conductive.

According to Carnot, every heat transfer over a significant temperature drop is 

the loss of our ability to do work. Why is it consistent with his analogy between 

temperature and height of water? Imagine that water is flowing down after a dam 

through a bundle of very thin pipes with a great internal surface, hence large fric-

tion. Water velocity would be low and its kinetic energy negligible, even though the 

total flow rate is large. Instead of pipes, imagine a sponge or another porous body, 

like a thick layer of sand. Here, the product of water flow rate and height equals fric-

tion work, heating the bottoming water. Potential energy of water is converted into 

heat. The amount of born caloric here is equal to the friction work, divided by water 

temperature.

A very similar process takes place in a heat transfer through a wall having a hot 

and a cold side. The heat flow entering the wall exactly equals the exiting one; how-

ever, the caloric flow should increase because the temperature of the exiting heat is 

less. Here, we see unavoidable caloric gain in a heat transfer through a wall. The 

more the temperature difference, the more the caloric gain. We call this phenomenon 

thermal friction. We can never distinguish the caloric born in mechanical friction 

from that born in the thermal one. That is why we refer to the mechanical, electrical, 

and thermal as generalized friction. In modern energy engineering exists very well 

developed methods of thermal device designs, using minimization of the sum of 

mechanical and thermal friction which corresponds to minimum of caloric gains.

Strictly speaking, we are obliged to indicate the fourth kind of friction known as 

the chemical friction. Every chemical reaction gives birth to some quantity of caloric. 

It is a more difficult part of the science on exergy and we prefer not to overburden 

our readers. If they would be interested, they might find an extensive discussion 

elsewhere.

At first glance, one may eliminate thermal friction by nearly zero temperature 

drops in a wall. As usual, it is misleading because the less temperature drop is the 
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more the wall surface should be and for a large wall production, we are forced to 

produce much more caloric than we saved in temperature drop decline. When we 

deal with time-specific processes, with periodic heating and cooling, the small tem-

perature drop leads to a very large time span due to a very slow heat transfer. There 

always exists an optimal temperature drop.

In every case of generalized friction, the amount of born caloric is the friction 

work, divided by temperature at the point. The mechanical friction work is friction 

force times the path, the electrical one is current times voltage drop in a conductor, 

and the thermal friction work in a heat transfer through a wall and is proportional 

to the heat flow rate times the temperature difference. If the lower temperature coin-

cides with the ambient one, the thermal friction is maximal. Otherwise, if not in 

heat transfer, this fraction of heat flow, according to the Carnot analogy, might be 

totally converted into power. But, in heat transfer, it is completely lost for power 

production.

9.1.6 A WARNING

Now, we wish to define more clearly, what we are speaking about. The matter of the 

nature consists of the substance and the field. The latter occupies all empty space. 

Energy currents exist either in a substance or in a field. Energy currents in substance 

were discovered in 1874 by Russian physicist Nicolay Oumov. Energy currents in the 

field carried by electromagnetic waves were discovered by J. Pointing in 1884. These 

currents might be either very weak, for instance, about 10 15 W/sq.m from a handy 

phone in your pocket to about 10 15 W/sq.m in a powerful laser beam. The difference 

is in 30 orders of magnitude. The process, which might be considered as a friction 

in the field energy currents, has a special nature. However, it is not discussed in the 

present paper. We restrict ourselves within the limits of energy flows in a substance 

only. Every substance consists of particles, bound (solids, liquids) or unbound (gas, 

plasma). The interaction of particles transfers energy and creates friction.

9.1.7 RUBBER BALLOON

In Siberia’s wastes
The ice-wind’s breath
Woundeth like the toothed steel.

J. C. Mangan, 1803–1849, Siberia

On a winter day, you carry a rubber balloon from a cold street to a warm room. Look 

at the balloon (Figure 9.3). It will expand and the radius of the sphere is increased 

until the temperatures of air inside and outside are equal. The expansion produces 

mechanical work of two kinds: (1) work against the rubber tension, and (2) work to 

shift a part of air out of the room. We assume the reader is familiar with the arithmetic 

of quantities, denoted by characters. The mentioned expansion process is described 

according to energy conservation law: the change of internal energy of the air inside 

the balloon (the sum of kinetic energies of air particles in their chaotic movement) is 
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increased due to heating from room air through a rubber wall and decreased due to 

expansion work production. We may observe the same process when transferring a 

vertical cylinder with air, compressed by a heavy piston able to move in the cylinder 

without friction from a cold street into a warm room. When heating in the room, 

the pressure inside the cylinder remains constant. It is the piston weight divided by 

its surface. But the air expands due to temperature increase and it occupies more 

volume, producing some work for the piston elevation. It is the same work which in 

the rubber balloon is produced against rubber tension.

In both cases, according to energy conservation law, the change of internal energy 

of the heated portion of air U, equals the external heat Q T0 S, obtained from 

the room with temperature T0, less produced work P V. The last consists of the two 

parts, the work against rubber tension or piston elevation, and the work needed to 

shift some air from the room to outside by the room pressure P0 , so

U T S P P V P V
0 0 0

( ) (9.1)

Here U  internal energy, T  temperature, P  pressure inside the balloon or cylin-

der, V  its volume. Temperature and pressure in the room are indicated by subscript 

zero. The caloric amount is denoted by S. The reader should remember this letter for 

the future, when he will be forced to change the title of the symbol. The increase of 

caloric S inside the heated balloon is caused by the heat flow from the room and
the thermal friction in the heat transfer through the rubber wall of the balloon or 
the wall of cylinder. The understanding of the last part of caloric flow is of primary 

importance for the following definitions. It might be almost zero if the heating pro-

cess is very long due to very small differences of temperature inside the balloon and 

in the room. In other words, if the thermal friction is absent. Actual temperature dif-

ference is as it is, but as an important assumption here, we may ignore the thermal 

friction and in the next formula, evaluate the maximal work done for rubber expan-

sion or the piston elevation, specifically, the work without friction.

FIGURE 9.3 Expansion work of rubber balloon in a warm room measures the exergy of air 

in it.
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This work is the second term on the right-hand side of our equation. Let us denote 

it by A

A U T S P V U T S P V
0 0 0 0

( ) (9.2)

Our room is very large with respect to the balloon or cylinder. When they enter the 

room, the numbers P0 and T0 do not change. We may assume these as constants. That 

is why we transfer the difference symbol  outside the brackets. The temperature dif-

ference in the example is rather small, about 2°C. Even in the heart of Siberia, it does 

not exceed 80°C. In Siberia, outdoors it might be very cold indeed ( 60°C).

9.1.8 WHAT IS EXERGY?

Man raises but time weighs.

Library of U.S. Congress ceiling sentences

Equation (9.2) for the obtained work was first formulated by the American physicist 

Josiah Willard Gibbs in 1873 (Gibbs, 1928). It is valid not only for a balloon, but for all 

cases of thermal engines. If kinetic energy or a potential energy plays a role, it might 

simply be added to internal one. The most important term here is the last one, reflecting 

the caloric gain.

The term A was first called “availability” or “available energy”. Following the 

proposal of Z. Rant since 1956, it is referred to as exergy.

Exergy indeed, unlike energy, measures the ability to do work. This ability depends 

upon the reference state. As we have seen, energy flows always are accompanied by 

a friction of some kind causing energy degradation. This law of nature is no less uni-

versal and important than energy conservation law. The general definition is:

Exergy is the maximal work, attainable in given reference state without generalized 

friction. In the closed system, energy is conserved but exergy is destroyed due to gen-

eralized friction.

Exergy value might be attributed to a substance, like a fuel or metal or chemical 

compound. There are excellent tables for it, made mainly by Professor J. Szargut 

(1965) in Poland. Exergy flow might be described by a vector, similar to energy 

vector. For a given heat flow Q*, the exergy flow is Q* multiplied by Carnot factor 

(T − T0)/T. When the temperature is approaching the ambient one (reference), the 

exergy vanishes even though the heat flow is still large.

Have a look now at Figure 9.4. It visualizes the process in a heat engine. From the 

left approaching the heat engine are energy units (heat). They are equal, but only a 

fraction of it might be elevated to the work level. A large fraction should fall to the 

ambient level. But without the fall, the elevation is impossible. The higher the level 

of coming units (temperature), the more the fraction of the work obtained. Exergy is 

the measure of this fraction if the heat engine is ideal (Carnot’s one).

If the process temperature T is less than the ambient one T0, the direction of exergy 

flow is reversed. It takes place in the heat transfer through a wall of the freezing 

chamber of a home refrigerator.
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The cooling process by the use of work is presented in Figure 9.5. Work consump-

tion lets us extract thermal energy units from the cold freezing chamber and elevate 

them up to ambient, thus compensating the energy units, which penetrate the thermal 

insulation of the chamber. Exergy of the cooled substance is the measure of needed 

work.

In general, in the refrigerating problems, exergy is greater than energy. It is wrong 

to consider exergy as a fraction of energy. Energy in a vessel with liquid helium is 

FIGURE 9.4 Conversion of heat into work in a heat engine. Maximal work is the heat exergy.

FIGURE 9.5 The work consumption for the thermal energy extraction from a freezing cham-

ber of a refrigerator. The least work measures the exergy of coldness.

T = 260 K (–13 C)

T = 300 K

87916_Book.indb   207 3/26/09   12:20:33 PM



© 2009 by Taylor & Francis Group, LLC

208 Zero Emissions Power Cycles

very small, whereas its exergy is quite large. It even allows power production by a 

turbine, if the temperature inside is low enough.

Gibbs’ finding of a proper function, now called exergy, conquered all the branches 

of thermodynamics, energy engineering and chemical engineering. The amount of 

published papers reaches many thousands. Exergy now is an unavoidable term of the 

engineering language. The time really weighs. That is why we think it is worth your 

attention.

9.1.9 REFERENCE STATE

A sea of stagnant idleness,
Blind, boundless, mute and motionless.

Lord Byron, The Prisoner of Chillon

We are such stuff. As dreams made on;
and our little life is rounded with a sleep.

W. Shakespeare, The Tempest

For the aforementioned balloon, the reference state (surrounding) was the air in the 

warm room. Its temperature and pressure do not depend upon the balloon properties 

anyway. In other cases when we use the word exergy, we should immediately think, 

what reference state is here. For many tasks, the role of the room might be played by 

the atmospheric air or, as in the case of a power plant, a water basin or a nearby river. 

In any case, the surrounding state should be something big enough to be independent 

from the body we are dealing with. If it is atmospheric air, we should bear in mind 

the seasonal and diurnal change of temperature. Exergy of ice is approximately zero 

in winter (by T0 less than 0°C), but it is quite significant on a hot summer day by T0

about 30°C; see Figure 9.5.

When we look at the aquarium with colored fish from the cockpit of a submarine, 

the air in the cabin is its surrounding and reference state. However, when considering 

the heating or cooling of this air for the comfort of the crew, the reference state is the 

sea water outside by pressure of many tens of bars.

In the case of a space ship, there is no surrounding substance, but a relict radiation 

of about 3 K temperature exists in the universe. Perhaps, it might be the reference 

one. For a fleet of space ships, the exergy concept has not yet been developed, and no 

papers have been published. This is the job of future generations of researchers.

To those readers who like difficult and rather philosophical questions, we leave 

you with this one: is it possible to define the exergy of the universe itself as it has no 

surrounding?

9.1.10 EXERGY UNIT

Everybody knows, a mass is measured in kg, length in m, energy in J, etc. What are 

the exergy units? As exergy is not energy, it is unwise to measure it in energy units 

of joules.
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The offered but still not widely accepted explanation is the unit of exergy gibbs: 

Gi (Yantovsky, 1994). In the case of mechanical and electrical energy, 1 Gi  1 J, 

but in the case of thermal or chemical processes, 1 Gi does not equal 1 J, (1000 Gi 

1 kGi, 106 Gi  1 MGi, and so on). Recently, Gaggioli (2007) offered the term Gibbs
for the entropy unit J/K. Here, we use it for exergy only to emphasize that exergy is 

not energy.

Look at Figure 9.6. If one assumes that exergy inflow from coal is 100 Gi, we 

may replace % by Gi on arrows. The fourth arrow which reflects the exergy losses 

in a power plant boiler should be five times less if we measure these losses in joules 

because energy losses in the boiler are about 9%.

Let us consider the table with figures for the comparison of steam properties 

before and after the steam turbine at a big power plant. The reference temperature for 

an exergy calculation T0  300 K (27°C) was taken.

Temperature, K Enthalpy, kJ/kg Carnot Factor Exergy, kGi/kg

900 3,600 0.67 2,400

315 2,500 0.05 125

(69%) (5%)

FIGURE 9.6 Exergy from a coal mine via power plant to an electricity consumer.
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From the table is seen that completely used steam after expansion in turbines still 

has about 69% of its initial energy (enthalpy) before expansion, whereas its useful-

ness (ability to do work) is almost nil. In real economics, the price of steam needs 

cumbersome tables with different prices for different steam temperatures regardless 

of its energy content.

If the steam price is proportional to the exergy content expressed in kGi/kg, it 

would need only one figure X $/kGi.

9.1.11 EXERGY EFFICIENCY

Better than all measures
Of delightful sound,
Better than all treasures
That in books are found.

P. B. Shelley, To a Skylark

For energy management, the most important figure is efficiency: how much useful 

energy we have from a given energy source. If one ignores exergy and compares 

different units by energy efficiency only (ratio of energy output by energy input), 

it is often misleading and appears as efficient use, when actually it is not so. Let us 

compare the energy and exergy efficiencies.

System Energy Efficiency Exergy Efficiency

District heating boiler 0.85–1.05 0.15–0.18

Power plant boiler 0.90 0.50

Power plant 0.40 0.39

Cogeneration of power and heat 0.85 0.40

Electrical water heater 0.33 0.06

Heat pump 1.20 0.20

In all cases, the numerator is the delivered energy or exergy flow and the denomi-

nator is equal to fuel flow energy or exergy. It means that the electrical heater and 

electrical heat pump are considered together with a fuel-fired power plant. The num-

bers of energy efficiency exceeding unity are due to neglecting of vapor condensing 

in the boiler heating value of fuel or neglecting of low temperature heat for a heat 

pump case.

Some very different numbers for both efficiencies are spectacular. Both boiler cases 

have very high energy efficiency. Only an energy-minded engineer will never try to 

improve anything there. However, for an exergy-minded manager or engineer, the big 

thermal friction work over the temperature drop about 1000°C is evident and he really 

has an opportunity for improvement. When a user needs the heat of different tempera-

tures, the best remedy against exergy destruction is cascading, heating in a series of 

one boiler by the flue gases and then another one with higher temperature. The exergy 
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efficiency is the best measure indeed. It shows clearly how wisely we operate. The 

difference between efficiency and unity shows the exergy destruction rate.

Almost equal figures for power plant efficiencies are caused by equal numera-

tors (electrical power is a pure exergy) and nearly equal heating value of fuel and its 

exergy. But nearly equal results contain the biggest difference inside. Energy effi-

ciency erroneously shows the steam condenser as the culprit of losses, whereas the 

exergy correctly shows the thermal friction in the boiler. Let us try to visualize this.

9.1.12 WHERE IS EXERGY LOST?

And many more Destructions played
In this ghastly masquerade,
All disguised even to the eyes

P. B. Shelley, The Mask of Anarchy

The answer is to be seen in the diagram in Figure 9.6. This visualization originated 

from the Irish engineer Sankey more than a century ago. He offered a graph of energy 

flow, with the width of a strip, proportional to the flow rate of energy in a series of 

energy conversion processes, one following the other. Then P. Grassmann expanded 

the diagram on include exergy to show where exergy is lost.

Take a look at the Sankey-Grassmann diagram for exergy flow in the conversion 

of coal into electricity at an ordinary coal-fired power plant in Figure 9.6. The exergy 

of coal in the depth is assumed as 100%. It is a national reserve, which should be 

consumed most efficiently.

In a coal mine with the work expenditure to crash and elevate coal, the first 6% of 

exergy is lost; see arrow 1. Then the coal should be enriched, i.e., the rest of the rocks 

should be separated. Here, some work is needed and some coal is lost, which forms 

the exergy losses of 4%, arrow 2. Enriched coal is delivered to the power plant, the 

next 3% of exergy is lost due to mechanical friction in transport, arrow 3. When the 

coal is burned at the power plant, we see the greatest exergy losses: 43% is lost in 

combustion and thermal friction, when heat is transferred from combustion gases by 

1600°C to steam at 600°C (temperature drop of 1000°C), arrow 4.

Expanding steam drives the turbine coupled with the electrical generator, which 

produces electrical power. Here, 10% of exergy is lost due to mechanical friction 

in the turbine (steam over a wall, journal bearings), and electrical friction in the 

generator. Exergy losses in the steam condenser are also present. They are small 

because the temperature of condensed steam is very close to ambient (reference 

point). In an electric line then, about 3% of initial exergy is lost entirely due to 

electrical friction.

In total, only 31% of coal exergy is delivered to a consumer of electricity. Here, 

the power plant efficiency (34%) refers to the coal in depth. In relation to the amount 

of coal delivered to the site of the power plant, it is 0.34/0.87  0.39. Exergy losses 

are disguised, especially the destruction due to thermal friction. The diagram shows 

that the culprit of exergy destruction is the boiler of the power plants, where the 

losses exceed all the others, even taken together.
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9.1.13 EXERGY FLOW DIRECTION

As we see, exergy is relative to energy, but as quite another function. It coincides 

numerically with energy when we deal with mechanical or electrical energy, but 

strongly differs for thermal and chemical energy. If an energy flow exists anywhere, 

it always is accompanied by an associated exergy. They might differ not only in 

size but also in direction (sign). A thermal exergy flow is always directed to a body 

with ambient temperature, whereas thermal energy flows toward lower temperatures. 

If the process temperature is higher than the ambient (reference) temperature, the 

direction of energy and exergy flow is the same. If we deal with a home refrigerator, 

cryogenics, or other cooling machine, the temperature of a flow is less than ambient 

and the exergy flow is opposite to an energy one. But here, history is instructive:

At the end of the nineteenth century, there were two neighbors, a brewer and a 

butcher. The butcher’s shop was in between two brewer’s rooms. In the left room, the 

brewer installed a cooling machine, which produced rather cold salt solution to cool 

a vessel during the beer preparation, located in the right room. The butcher admit-

ted to conducting pipes with cold fluid from the left to the right rooms through his 

shop. When he recognized that the pipes were under a thick layer of ice, he began to 

store his meat around the pipes, using it as a free refrigerator. However, this imme-

diately spoiled the beer technology and the brewer put the accident on trial before 

the municipal authorities as a theft. “What has been stolen?” asked the judge. “My 

energy,” answered the brewer. But the butcher easily stated that he was not a thief of 

energy, but rather a sponsor of it due to the fact that energy flows from warm meat to 

a cold pipe, and he won the process. Had the brewer been so clever as to answer, “My 

exergy,” he would have won the argument.

9.1.14 EXERGY FROM OCEAN

The sun is warm, the sky is clear
The waves are dancing fast and bright
The lightning of the noontide ocean
Is flashing round me

P. B. Shelley, Stanzas written in dejection near Naples

In 1881, the French physicist D’Arsonval called attention to a natural phenomenon, 

the difference of the temperature of the upper and lower layers of the tropical ocean’s 

water of about 30°C above and 5°C below (deeper than 600 m). He offered to use this 

temperature difference for the production of power.

As we have learned already from Sadi Carnot, to produce work from heat, we 

need the temperature difference. In the air, the difference of 20°C is rather small and 

is enough to transfer heat through a wall and nothing more. But in water with high 

density and heat conductivity, it might be enough to produce power.

The only source of heat to upper water layers is evidently the sun. The source is 

abundant and clean. If we conduct a flow of upper water downward through a pipe 

of 1 sq.m cross-section at a velocity of 1 m/s, the flow of exergy is this: density 
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times velocity times heat capacity times temperature difference (still it is the thermal 

energy flow) times the ratio of temperature difference to absolute temperature of 

upper water (about 300 K). The last ratio is the Carnot factor. It converts the thermal 

energy flow into exergy flow.

Having made the calculations, we simply get:

1,000 kg/m3  1 m/s  4.2 kJ/kg K  20 K 20 K/300 K 

 5,600 kW/m2  5,600 kGi/m2 s

here, 4.2 kJ/kg K is heat capacity of water and 1 kW of exergy is equal to 1 kGi/s.

We have to compare the exergy flow in the pipe with the solar energy flow density 

in space near Earth: 1.368 kW/m2. It is called “solar constant,” which is the falling 

energy from the sun on 1 sq.m plate, perpendicular to the light path. Falling on the 

ocean even in tropical regions averaged incident radiation, which was much less due 

to clouds and diurnal variations. It is at most 0.3 kW/m2. We see that exergy flow 

of the ocean water is 15,000 times more dense than average radiation. It means the 

ocean is not only an absorber of exergy in solar light, but also the concentrator of 

exergy.

High exergy flow density of ocean water stimulated great activity to find a practi-

cal solution of an old D’Arsonval idea and to build a power plant, using upper ocean 

waters like a “fuel” to a boiler. The scheme of such floating power plant entitled 

OTEC (Ocean Thermal Energy Conversion) is depicted in Figure 9.7.

It is a hermetically closed loop, filled with an easy boiling substance (freon). 

Unlike water, this substance might evaporate and condense just at the ocean water 

FIGURE 9.7 Scheme of OTEC aimed at consuming the highly concentrated exergy of warm 

ocean water for electricity generation (Xenesys Inc., http://xenesys.com/english/otec/product/

index.html).
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temperature: upper water is heating the evaporator and cold water from below cools 

the condenser. The liquid freon is pumped into the evaporator by elevated pressure. 

Inside, a loop, a turbine, and generator are installed. The unit is evidently ZEPP as it 

actually uses the solar energy.

There are many such experimental plants in the world, where difficult engineer-

ing work is underway to create a real engine working on the heat from the ocean. 

Especially active and successful are Japanese engineers.

Now, we are ready for an important “gedankenexperiment” as Albert Einstein 

referred to such a practice (see Figure 9.8).

Let us imagine that we have such an ocean engine, in which a small part of ther-

mal energy of the upper water is converted into power and the rest of the energy in the 

condenser is given to the cold water below. Imagine also that near a floating power 

plant is floating a cylinder with air and a piston and we consumed all the generated 

power to shift the piston and compress the air inside. During compression, the tem-

perature inside the floating cylinder did not increase due to heat transfer to the upper 

water. Exactly the same energy, which was taken in the engine as mechanical power, 

is returned to ocean water. There is essentially no energy change. The compressed 

air experiences no change either, because thermal energy of air (kinetic energy of air 

particles in chaotic movement) remains the same, as before compression. What really 

changed? The temperature profile in the ocean changed due to heat transfer, which is 

due to thermal friction. The exergy of the ocean has become a little less. This decline 

is very difficult to calculate. But gained exergy inside the cylinder is calculated very 

easily. It might produce work. We may take the cylinder and carry it far away from 

the ocean to a city.

In the city, we may imagine a car with a pneumatic engine, working on com-

pressed air. We may install our cylinder and move for a significant distance. Produced 

work against mechanical friction in the movement is converted into heat by ambient 

temperature, which exactly covers the cooling of air due to its expansion in the pneu-

matic engine. There are no changes in energy, but exergy of the air in the cylinder 

is completely lost by the wheels driving the vehicle. Here, we see the production of 

FIGURE 9.8 Exergy transfer from ocean to city by compressed air.
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exergy, its transportation and use: a car movement. It is very difficult, if not impos-

sible, to explain what really happened in the ocean and the city using only energy 

terms. Energy did not change either in the ocean or in the city.

9.1.15 HEATING OF DWELLINGS

She picked out a nice dry Cave  and she lit a nice fire of wood at the back of the Cave, 
and she hung a dried wild horse skin, tail-down, across the opening of the Cave.

R. Kipling, The Cat that Walked by Himself

In the Stone Age, when people used to make their dwellings (cave) warm by a fire 

inside, almost all the heat produced remained in the dwelling. However, in addition 

to heat, there remained unpleasant combustion products. This was changed a thou-

sand years after by decoupling fire, gases, flow, and dwelling space, thus eliminat-

ing unpleasant breathing of combustion products. But this drastically declined the 

heating system efficiency. Stack gases took away a lion’s share of produced heat. 

Since old ancient times, the amount of fuel spent to heat dwellings has greatly 

increased.

In such northern countries as Canada, Russia, Scandinavia, and in colder years in 

Britain, the fuel consumption for heating dwellings is the major part of the national 

energy balance. It is important to understand that almost all the dwelling heating is 

thermal friction and exergy destruction.

We wish to avoid any cumbersome calculations. Imagine that thermal insulation 

of boiler houses and water pipes is perfect and heat flow Q* is constant from a boiler 

to a home battery.

The flue gases average temperature is about 1100 K and the reference temperature 

(air outside) is 270 K. The fraction of Q*, the exergy flow equals (1100  270)/1,100 

 0.75 Q*. In a home battery, the temperature is admitted at most 90°C or 363 K. 

Here, the exergy flow is (363  270)/363  0.25 Q*. If to remember the exergy 

destruction in combustion and some hydraulic friction the mentioned figures of 

exergy efficiency 0.15  0.18 are evident, it means only one sixth of fuel exergy can

reach the consumer. A much smaller fraction of the fuel exergy, about 6%, can reach 

the home room when we use an electrical heater.

FIGURE 9.9 The history of an energy unit, including construction and operation time 

(Yantovsky, 1984).
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The first man who understood the great possibility of fuel saving in heating was 

William Thomson (much later, Lord Kelvin). In 1852, he published the paper “On 

the Economy of Heating or Cooling of Buildings by Means of Currents of Air.” There 

the idea of heat multiplier was described. It is comprised of an air expander, a heat 

exchanger, a compressor and a heat engine. When ambient air expands to about 70% 

of atmospheric pressure, it cools down, and then in the heat exchanger, it is heated 

by an ambient air and then compressed to the normal pressure. Its temperature is 

increased over ambient. It is enough to be comfortable in a dwelling even when it 

is very cold outside. Note that the fuel is used not to heat air directly, but to feed 

the engine, driving the compressor. Instead of great thermal friction, the tempera-

ture increase is created by an expansion–compression process in accordance with 

Carnot’s advice to avoid heat transfer.

William Thomson optimistically promised to heat houses with 3% of the fuel 

used in contemporary stoves. We may wonder how close this figure is this to the 

exergy efficiency of the former (inefficient) heating systems. This idea gave birth to 

a big business in the world, where some tens of millions of such machines, referred 

to as heat pumps, exist. They differ from Thomson’s scheme by using many other 

substances instead of air and being driven mostly by an electric motor. In many 

cases of big units, drive by heat engines, either piston or turbine, are also used. No 

heat pump can create a big temperature difference. The more it is used, the less is 

the fuel economy. Figure 9.10 (heat pump) is lost. The still useless energy units 

from ambient water (low-grade heat) are elevated to a higher temperature by means 

of much less noble work units, coming from the left. The useful energy, going to the 

right, is the sum of low-grade heat and consumed work. We have seen already in the 

table of efficiencies a comparison that exergy efficiency of a heat pump exceeds a 

district heating one and is three times more than that of an electric water heater.

FIGURE 9.10 Total efficiency versus exergy efficiency (Iantovski, 1998).
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The challenge to future heat supply engineers is to achieve a figure of attainable 

exergy efficiency of about that of a power plant, which would mean 40% instead of 

today’s figure of not more than 20%. It will give tremendous fuel savings and be 

economically justified.

9.1.16 THE MAGIC NUMBER

The history of the World is the biography of great men.

Library of U.S. Congress

First, we wish to show our observations, when looking at the greatest achievements 

of classical thermodynamics as the basis of its exergy branch. We found the year of 

publishing of the most eminent contributions and the year of the authors’ births. We 

find the following:

S. Carnot R. Mayer R. Clausius W. Thomson N. Oumov

Contribution published in 1824 1842 1850 1852 1874

Author birth year 1796 1814 1822 1824 1846

Age at publication     28     28     28     28     28

Looking at this magic number 28, we used to tell our readers: hurry up. You don’t 

have too much time. For the contemporary matriculates, it is less than a decade.

Now, we try to answer the questions of the curious boy: energy is conserved. The 

flow of energy in an insulated channel is constant. Exergy disappears due to gener-

alized, mostly thermal, friction. It is just exergy we need to produce and save. The 

rate of its destruction depends on us and on our skill to manage it. Exergy drives all 

the wheels on Earth. Just exergy supports life. The exergy century has come. Fight 

thermal friction!

If any readers are interested in learning more on the subject, there are a number of 

books and publications listed below which may be enlightening:

Bejan, A. 1997. Advanced Engineering Thermodynamics. New York: J. Wiley 

& Sons, Inc.

Borel, L. 1988. Thermodynamique, Énergétique et Mutation dans l’Évolution 
du Vivant. Ecole Polytechnique Federal de Lausanne, Dept. De Mecanique. 

Lausanne: EPFL (in French).

Hammond, G. and A. Stapleton. 2001. Exergy Analysis of the United Kingdom 

Energy System. Proc. Inst. Mech. Engrs. Part A (215): 141–162.

Häfele, W. 1976. “Science, Technology and Society—A Prospective Look,” 

presented at Bicentennial Symp. on Science: A Resource for Humankind?

Nat. Ac. Sci., Oct. 11–13, Washington, D.C., U.S.A.
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Szargut, J., Morris, D. and F. Steward. 1988. Exergy Analysis of Thermal, 
Chemical and Metallurgical Processes. New York: Hemisphere.

Szargut, J. 2005. Exergy Method. Technical and Ecological Applications.

Southampton-Boston: WIT Press.

Yantovsky, E. 1994. Energy and Exergy Currents. New York: NOVA Sci. 

Publ.

There also is a professional journal: EXERGY — An International Journal, ISSN: 

1164-0235, published by Elsevier, which might be of interest to the reader.

9.2 EXERGONOMICS

Nomenclature

a correlation parameter

C correlation parameter

D sum of exergy destructions

d wall thickness

F surface area

J electrical current

j current density, investment cost

K net exergy coefficient

k overall heat transfer coefficient

L length

m correlation parameter

Q heat flow

q heat current density

T absolute temperature

t temperature drop

Z main exergonomic criterion

T1/T0, temperature ratio

parameter

exergy current density

exergy (or its flow with a dot)

normative time

specific invested exergy

mass density

efficiency

Subscripts

1,2 sides of a wall

0 reference state

opt optimal

d delivered

con consumer

87916_Book.indb   218 3/26/09   12:20:39 PM



© 2009 by Taylor & Francis Group, LLC

Associated Tool for Calculations 219

9.2.1 EXERGY VERSUS MONEY

Exergonomics is a mirror image of ordinary economics, using only exergy expendi-

tures instead of monetary ones. Some examples of optimization by a simple relation 

of invested exergy and current exergy expenditures—including heat transfer through 

a wall, an electrical conductor, and a thermal insulating wall—are given.

The synthesis of thermodynamics and economics have a great history. The early part 

of the history has been described by Gaggioli and El-Sayed (1987) and Tsatsaronis 

(1987), who proposed the title “exergoeconomics” at the beginning of the 1980s. More 

recent papers are published in the Proceedings of International Conference with an 

acronym ECOS, and are respected throughout the world. The detailed description of 

exergoeconomic methodology involving the cost of exergy expenditures in monetary 

units has been given by Tsatsaronis (1987) and in the textbook (Bejan, Tsatsoronis, and 

Moran, 1996). This methodology is widely used by many practitioners in real designs.

However, the same practitioners are uneasy about the price uncertainty. As a well- 

known example, oil prices might be mentioned. Within the time span of the design 

and construction of an ordinary major power plant, in 1973 to 1983, oil prices qua-

drupled and then dropped to their original value. Imagine the quandary of a designer 

in 1973. Which prices then should he use in his design? At the same time, exergy 

expenditures were much more firm and stable. For instance, the data (Szargut and 

Morris, 1987) for construction materials and fuels are stable and valid for a long 

time. That is why, aside from the well-known ExergoECOnomics. the much less-

known branch of exergy analysis, referred to as “exergonomics” (Yantovsky, 1989, 

1994) was developed. It is a mirror image of ordinary economics but with the value 

of every good or service measured in exergy expenditures instead of money. These 

expenditures are divided on two major parts: invested and current.

The approach goes back to Frederick Soddy, who tried to replace money by means 

of energy expenditures at the beginning of this century (Soddy, 1926). The crucial 

role of exergy, rather than of energy, is now evident.

The use of restrictions of Second Law in cogeneration calculations and cost was 

clearly advocated by G. Arons (1926):

… the evaluation of rejected heat not by amount of calories, but by power which it may 

give passing through an ideal steam engine …

Then he recommended multiplying the heat flows by the Carnot factor, which is 

exactly what we now do in the exergy accounting of cogeneration power plants.

The formulation of a target function for exergy accounting in power plant opti-

mization (including the invested and current parts) was presented in DeVries and 

Nieuwlaar (1981, p. 367]:

… before any lower bound … has been reached, one bounces the minimum of the total 

exergy requirement … exergy of capital and fuel/heat.

DeVries and Nieuwlaar (1981) mentioned Soddy’s attempt and its systematic 

elaboration by Chenery (1949). The presentation of total specific exergy expenditure 

87916_Book.indb   219 3/26/09   12:20:39 PM



© 2009 by Taylor & Francis Group, LLC

220 Zero Emissions Power Cycles

as the sum of inversed exergy efficiency and net-exergy coefficient with its minimiza-

tion in general form might be found in Iantovski (1997, 1998). It is also reproduced 

in this paper.

While exergy expenditure alone may by no means be the basis for decision-

making, neither may money. Real life forces us to take into account pollution, time 

restrictions, and other factors. That’s why exergonomics might be considered as an 

auxiliary tool to prove the solutions made on other bases. For more reliable decision 

making, the simultaneous optimization by at least three target functions (exergy-

money-pollution) is needed. It is a more difficult task, not discussed here.

At present, it is an accepted fact that no decision in engineering is possible without 

a computer simulation of the problem. The more the computer is involved, however, 

the more the logic of the solution remains vague. The computer never takes the place 

of logic. This is especially true in education, where some logic should be transferred 

to the students. For educational purposes, simplified problems should be constructed 

which admit a simple straightforward solution.

The paper is aimed at presenting a clear model of a link between the invested and 

current exergy expenditures, which lets us find the optimal exergy efficiency, and 

some simple examples of exergonomic optimization, recommended for educational 

purposes.

9.2.2 THE MAIN CRITERION OF EXERGONOMICS

When considering exergy efficiency, we should clearly define what our system is, 

where are its boundaries of the entrance and the exit, and then divide the outlet (deliv-

ered) exergy flow by the inlet (consumed) flow. If our system actually is a subsystem 

or a part of a greater system, our partial optimization might not coincide with the 

optimum of the greater system. By comparison of fuel-fired plants, the input exergy 

flow should be fuel. It is not obligatory if only a part of the unit is optimized.

The total life story of every energy conversion unit is presented in Figure 9.9,

where B  invested exergy needed to manufacture the unit. The total exergy effi-

ciency is the ratio of delivered exergy to the sum of exergy expenditures:

tot

1

/ /( )1 1 K
(9.1)

where

 is an ordinary exergy efficiency, based on current exergy flows

K (d )/ B is net exergy coefficient, ratio of delivered exergy to invested exergy

The inverse quantity

Z
K

1

tot

1 1
(9.2)

is the main criterion in exergonomics in the same sense as COE (cost of energy) is the 

main criterion in economics, which is usually subjected to minimization.
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This approach is similar to the so-called ELCA (exergy life cycle assessment); 

see for example Szargut (1971). However, the word “exergonomics” appeared in 

Corneliessen (1997) a little earlier and the subject differs from ELCA by exergy dis-

counting requirements and in some other respects, not mentioned in present book.

9.2.3 INVESTED EXERGY MODELS

In general, for the arbitrary function K( ), the optimal solution as seen by Yantovsky 

(1989) and Corneliessen (1997) is:

Z
K

dK

d
K

dK

doptmin
;

1
1

1 2 1 2/

(9.3)

which is found by solving Z / 0. The problem consists of finding the particular 

function K( ), reflecting every case study.

The first attempt to find correlation between investment cost and exergy efficiency 

belongs to J. Szargut (1971). He selected for the monetary investment cost j, the 

function

j j
0 1

(9.4)

which gives the right trend, j  as  1.

The current approach to cost evaluation of capital investment through exergy 

expenditures is described by Bejan et al. (1996), which also lists many additional 

references.

An approximation with the two correlation parameters a and m has been proposed 

by Iantovski (1998):

K a m (9.5)

which gives

Z
m

a a

a

m

a

m

m
m

m

optmin
;

1
1 11

1
1m

(9.6)

The deficiency of the model, Equation (9.5), is its inability to reflect the main 

physical condition of the approach of exergy efficiency to one, the infinite increase 

of the size of equipment and, hence, its invested exergy.

Here, the other model is recommended as rather simple and relevant: the invested 

exergy is proportional to the delivered exergy and inversely proportional to the exergy 

destruction rate

B
d

C2 1( )
(9.7)
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Here, C2 is a single correlation parameter needed to adjust Equation (9.7) to any 

particular problem. The needed trend B  as  1 is evident. From Equation 

(9.7), we obtain:

K C
B

d 2 1( ) (9.8)

Z
K C

1 1 1 1

12 ( )
(9.9)

Z

C

C

C
Z

C

Copt

1 1

1
0

1

1
2 2 2( )

; ;
min

2

(9.10)

tot opt
max 2 (9.11)

If Equation (9.7) is valid, the maximum total efficiency is equal to the square of 

the optimal one. Equation (9.11) seems to be the shortest formula in exergy analy-

sis. In Figure 9.10, one can see the curves tot versus and the geometrical place 

of maxima, forming the square parabola. The three superimposed curves reflect the 

increase of C.

9.2.4 DC ELECTRICAL CONDUCTOR

This case is of interest because it is the simplest example with explicit invested 

exergy, a complete correspondence of exergy to power. Entropy does not play any 

role here. Let us consider a direct current power line with given current J, length L,

cross-section area F, made of material with the electrical conductivity , density ,
and exergy intensity  (specific exergy consumption to produce 1 kg of material). 

The sum of the fuel exergy losses due to electrical resistance and invested exergy to 

build the conductor is

D J
L

F
LF

1
2 (9.12)

From D F/ 0, we obtain

j
J

Fopt
opt

1 2/

(9.13)

For an aluminium conductor,  330 MJ/kg,  2500 kg/m3,  2.5  107

Ohm  m 1,  9 1010 s (33 years),  0.35, and the optimal current density is 

0.085 A/mm2. It is much less than in common practice (about 1 A/mm). Note here the 

power plant efficiency , which reduces electrical exergy to that of fuel.

87916_Book.indb   222 3/26/09   12:20:43 PM



© 2009 by Taylor & Francis Group, LLC

Associated Tool for Calculations 223

9.2.5 HEAT TRANSFER THROUGH A WALL

Two fluid streams of temperatures T2 and T1 are separated by a wall of thickness d;

see Figure 9.11.

The total heat flow through the surface F is:

Q F q F k T T F k t t T T( ) ; ( )
2 1 2 1

(9.14)

The exergy current density from the left is

2 2 0 2 0 2
q T T T k t T T T( ) ( )/ /

2
(9.15)

The exergy current to the right is

1 1 0 1 1 0 1
q T T T k t T T T( ) ( )/ / (9.16)

T1 is less than T2, therefore, 1 is less than 2. Their difference is merely the exergy 

destruction. The exergy efficiency of the heat transfer process is

1

2

1 0

2 0

2

1

( )

( )

T T

T T

T

T
(9.17)

When t  0, we have  1; however q  0 and F for any given Q.

Assuming that the wall is flat, or that its curvature radius is much greater than the 

wall thickness, the invested exergy is

B Fd (9.18)

The delivered exergy for a normative time is

d F Fkt T T T
1 1 0 1

( )/ (9.19)

FIGURE 9.11 Heat transfer through a wall for (a) a power plant (T T0 ) and (b) refrigerator 

(T T0 ).
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while the consumed exergy is

con F Fkt T T T
2 2 0 2

( )/ (9.20)

The net exergy coefficient is

K
kt

d

T T

T
t

T T

T

k

d
d

B

( ) ( )
;1 0

1

1 0

1

(9.21)

Finally, the main exergonomic criterion is

Z
T T

T

T

T t t

( )1 0

1

0

1

1
1

(9.22)

From Z t/ 0, we have ( )T t T t
1

2
0

2, and optimal temperature drop

t

T
Topt

1

0
1 2

1
1( ) / (9.23)

Denoting T1 /T0, for maximal total efficiency, we have

tot T T
T

max ( ) [( ) ]
( ) (0

1 2
0

1 2

0
1

1 1
1

/ /

/2 1 1

1

) ( )
(9.24)

The behavior of maximal efficiency  and topt is presented in Figure 9.12. It is clear 

that a high total efficiency is possible only for a sufficiently high value of the govern-

ing dimensionless criterion.

For a more concrete analysis, let us introduce the fictitious temperature drop

t
d

kf

1
(9.25)

FIGURE 9.12 Maximum total efficiency versus the governing criterion (  T0 )
1/2, and optimal 

temperature drop versus the same criterion (Iantovski, 1998).
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This is needed to transfer the heat flow d / , to supply the energy embodied in the 

wall for the time . Now the criterion

( ) ( )T T t f0
1 2

0
1 2/ // (9.26)

takes the form of the root of the ratio of reference temperature to the fictitious 

drop.

The numerical data for a shell-and-tube counter-flow high pressure air heater with 

inlet temperature 450 K, d  1 cm, k  50 W/m2 K,  100 MJ/kg for steel tube, 

 1 104 kg/m3, and life time of 10 years by 5500 hours/year are

(  T)1/2  17.3,  1.5, topt  27.6 K,  0.816

If high pressure air is heated up to 600 K, then  2, t  36.8 K, and  0.90.

So far, we have considered the case T  T0. Another case is refrigeration (T  T0 ); 

cf. Figure 9.11. Heat flows as before, from left to right; however, the exergy current 

is reversed. Repeating the preceding analysis, we have

( )

( )
;

( )T T

T

T

T T
K

T T

T

k

d
t0 2

2

1

0 1

0 2

2

(9.27)

The main criterion is

Z
T

T T

T

T t t
2

0 2

0

2

1
1

( )
(9.28)

From Z t/ 0, we have

t T Topt 2 0
1 2

1
1 ( ) / (9.29)

The minus sign in Equation (9.29) makes no physical sense, because t T2 is 

impossible. For a typical refrigerating recuperator at 180 K, made of aluminum tubes 

with  3000 kg/m3, d  2 mm,  300 MJ/kg, k  1000 W/m2 K and  10 years, 

we have ( T)1/2  180, and topt  1 K, which is in agreement with common prac-

tice. Note, that k is the overall heat transfer coefficient, which includes the thermal 

resistance of the wall itself (d/ ) and convective heat transfer on the both surfaces, 

1 and 2.

9.2.6 THERMAL INSULATION OPTIMIZATION

An absolute thermal insulation is impossible. Heat leakage exists as soon as a tem-

perature difference exists. Sometimes, the engineering task is to diminish this leakage 

regardless of expenditure, as is the case in attempts to reach absolute zero. However, 
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in industry and architecture, it is important to determine the reasonable level of ther-

mal insulation. For us, the word “reasonable” means the least sum of exergy lost 

through the thermal insulation, and exergy spent to manufacture this insulation; see 

Figure 9.12.

Here the specific heat current is

q k T T( )
2 0

(9.30)

The exergy current lost through insulation is

q
T T

T
k

T T

T

( ) ( )
2 0

2

2 0
2

2

(9.31)

The overall heat transfer coefficient is

k
d1 1

1 2

(9.32)

The sum of the lost exergy and the invested exergy is

D d (9.33)

D

d

T T

T d

( )

( )
2 0

2

2 1 2
21 1

0
/ / /

(9.34)

d
T T

Topt

( )

( )
2 0

2
1 2

1 2

1 1

/ /
(9.35)

q Topt

1
2

1 2/

(9.36)

The most important application of these results seems to be in civil engineering: 

how to select the optimal wall thickness. Here are the two numerical examples:

Brick wall for a building: T2  295 K, T0  273 K,  1 W/m K,  2,640 

kg/m3,  5 MJ/kg,  50 years, q  49.7 W/m2, 0.24 dopt  0.44 for 10 1,2

1000 W/m2 K.

Thermal insulation of glass wool for a dry ice (solid carbon dioxide) storage, T2

200 K, T0  295 K,  0.03 W/m K,  50 kg/m3,  30 MJ/kg,  40 years.

Here the results qopt  2.67 W/m2 and d  1.06 m, do not depart from the common 

practice.

We see now that it is possible to develop a routine procedure to find the trade-

off between invested exergy and current exergy expenditure. This procedure can be 
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described analytically in very simple terms, and can be used for a very sophisticated 

3-D optimization of reduced emissions units.

9.3 EXERGY CONVERSION IN THE THERMOCHEMICAL 
RECUPERATOR OF A PISTON ENGINE

9.3.1 EXAMPLE OF EXERGY CALCULATION

Here is presented an example of exergy calculation in a rather complicated case of a 

zero emissions piston engine, described in Section 7.4.

Thermochemical recuperation (TCR) as the use of waste heat for the fuel reform-

ing with H2O or CO2, leading to efficiency increase, is well known for gas turbine 

units. Less known is that the similar TCR is useful for piston engines (PE) as well. 

The difference is in the low pressure of the mixture of fuel and H2O or CO2.

This section is aimed at calculating endothermal reactions of methane as fuel 

with H2O and CO2 by conditions, suitable for PE. It is shown that exergy of heat of 

exhaust gases is converted into exergy of reformed fuel (CO hydrogen).The results 

are presented as graphs of exergy efficiency versus temperature of the end of reac-

tion. Within the limits of 800 to 1000 K, the exergy efficiency of TCR is increased 

from 0.23 to 0.77 for CH4 and H2O and from 0.30 to 0.80 for CH4 H2O. Fuel 

economy in a diesel engine might reach 19%.

The initiative to apply to piston engines the principle of thermochemical recu-

peration, well known from gas turbine systems, belongs to the U.S. company, Gas 

Technology Institute. The literal citation (Gas Technology Institute, 2004) is used:

TCR is a promising concept for application to reciprocating engines. Rejected sensible 

energy from the engine combustion is recovered to support catalytic reformation of the 

fuel (natural gas) to a higher energy content fuel.

Preliminary analysis by GTI indicates that a TCR system could offer the following 

advantages over conventional power generating systems:

Reduced fuel consumption by virtue of increased cycle efficiency, which results from 

use of rejected heat from the engine

Reduced CO2 emissions by virtue of increased efficiency

Increased power output capacity

Ultra-low emissions of criteria pollutants (NOx , CO, etc.) and hazardous pollutants 

(HCs, formaldehyde, etc.) by virtue of improved combustion conditions

Theoretically, the TCR can reform all kinds of liquid and gaseous hydrocarbon fuels.

The hydrogen-enriched fuel would increase the ignitability of the mixture due to its broad 

flammability limits and low-ignition energy requirements, and increase flame speed relative 

to natural gas.

From an energy balance point, the TCR is a clear measure to decline the tem-

perature of outgoing gases (e.g., losses) by virtue of absorption of their energy by 

incoming gases.

In addition to GTI statements, we wish to underscore that TCR is promising 

for the efficiency increase in zero emissions (including automotive) piston engine 
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systems (Yantovsky et al., 2004), where fuel should be reformed not with steam, but 

with carbon dioxide.

In application to gas-turbine systems with CO2 capture and TCR, the detailed 

analysis, demonstrating the exergy losses in gas turbine, fuel reactor, etc., has been 

made by Bolland and Ertesvag (2001).

This paper is aimed at calculating the exergy balances of TCR for a piston engine 

to visualize the losses of the reformer and select the needed reaction temperature by 

reforming with water and carbon dioxide as well. For simplicity, the only gaseous 

fuel to be considered is methane.

9.3.2 PROCESSES IN TCR

The two endothermic reactions of fuel methane reforming are known:

CH + H O CO + 3H
4 2 2

, (9.37)

and

CH + CO 2CO + 2H
4 2 2

(9.38)

Schematics of a TCR are presented in Figure 9.13, where 1, 2, 3 and 4 are the 

flows of incoming reactants, 5 is the flow of reaction products, 6, 7, 8, 9, and 10 are 

flows of exhaust gases of piston engine, giving its sensible heat to support endother-

mic reactions.

The equilibrium constant K by atmospheric pressure depends upon the tempera-

ture only and relates to the change of standard Gibbs energy GT
0:

K
G

RT
T

i

exp
0

(9.39)

For the first reaction, Equation (9.37):

G T T TT i i i
0 188 748 228 75 69 61 80 711, . . ln . 10 2

22 874 10 6

3 2

6 3

T

T

i

i

/

/   .
(9.40)

and for the second reaction, Equation (9.38):

G T T TT i i i
0 230 323 193 78 71 75 106 81, . . ln , 10 2

36 06 10 6

3 2

6 3

T

T

i

i

/

/   ,
(9.41)

The fractions of reformed methane until equilibrium for the two reactions are

m
k k

m
k k

2 6
1

2 6 2
1

2, ,
, .and (9.42)
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The fractions of reaction products for two reactions, respectively, are:

CH H O CO H4 2 2

1

2 1 2 1

3

2

m

m

m

m

m

( )
;

( )
;

(( )1 m
(9.43)

CH CO CO H4 2 2

1

2 1 1

m

m

m

m( )
;

( )
(9.44)

FIGURE 9.13 Schematics of the thermochemical reactor (TCR).
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The ratio of the amount of final reaction products to the incoming reactants 

(chemical coefficient of molecular change) is

1 m (9.45)

The incoming reactants are at ambient temperature T1  T2  T0. Due to heating, 

their temperature increases. It is assumed that the reaction is getting started by T3

T4  TAR , when m  0.001. In the first reaction, TAR  415 K, whereas in the second 

one TAR  515 K.

This heating energy is:

Q H H H H Q H H H H
H1 H2 1 7 9 2 4 2 8 10

,

Reactions in the point R take the energy:

Q H H H Q H H HRin 6 7 8 5 3 4
( )

9.3.3 EXERGY BALANCE

Exergy flow from cooled flue gases is:

E E E E ECQ Qein P P P3 4 5 (9.46)

or per one mole

e e e e ecq q p p rpein 3 4
(9.47)

e q q
T
T

q q h

qein ein c ein
i

ein R r

1 0

5( h h

a a b b C C

h

M i i M i i M i i

r

3 4

5 2

)

; ;

h a
b

T
C

T T

e

M
M

i
M

i i

rp

5
22

2 3

2 e h h T s sp5 5 0 0 5 02 [( ) ( )]

Molar exergy of the flow of a substance consists of two parts (see Figure 9.13):

e e ei ip ic (9.48)

where e h h T s sip i o o o( ) ( )
5

 is the physical exergy, depending upon the pressure 

and temperature of flow and eic  chemical exergy, depending on contents. In Table 9.1, 

the standard chemical exergy, recommended by Szargut and Petela (1965) is given.

87916_Book.indb   230 3/26/09   12:20:55 PM



© 2009 by Taylor & Francis Group, LLC

Associated Tool for Calculations 231

In an endothermic reaction, the thermal exergy is converted into exergy of sub-

stances and reaction losses:

e e dcq c RC (9.49)

FIGURE 9.14 Efficiency and molar fraction versus temperature.
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where

e e e ec rc c c3 4
(9.50)

e e erc c i i2 25

and

e e dq RCein

e e e e e e erp rc5 3 4 5, (9.51)

e e e e e ep c p c3 3 3 4 4 4;

Exergy efficiency of the TCR is defined as follows:

ex c cq RC cqe e d e
.1

1/ / (9.52)

TABLE 9.1
Reaction Heat and Molar Exergy of the Fuel Constituents
(at 298 K, 1 Bar)

Substance hhigh

kJ/kmole
hlow

kJ/kmole
ei

kJ/kmole

H2 285,900 241,800 238,350

CO 283,000 283,000 275,350

CH4 890,500 802,300 836,510

CO2 — — 20,170

H2O — — 750

O2 — — 3,970

N2 — — 720

TABLE 9.2
Contents of Reformed Fuel by 1000 K

Reaction CH4 H2O CO H2

CH4 H2O
0.052 0.052 0.224 0.672

CH4 CO2
  0.0479   0.0479   0.4521   0.4521
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To relate the gained chemical exergy in reformed fuel to the physical one from 

flue gases, we get

ex RCe e d
2

/( ) (9.53)

9.3.4 RESULTS OF CALCULATIONS

The results of computer calculations of endothermic reactions and exergy conversion 

efficiency versus the temperature of a reaction are given in Table 9.3 and Figure 9.14.

It is observed that in the reforming with CO2 in reaction (9.38), the exergy taken from 

exhaust gases is greater than that by reforming with H2O. But exergy converted into 

the new fuel exergy in the second reaction is less than in the first one. That is why 

the efficiency ex1 for reaction (9.37) is higher. This difference vanishes when the 

temperature exceeds 900 K.

If needed, the end of the reaction might be by temperature less 1000 K. There are 

no rapid changes in the curves contents versus temperature.

In the graphs in Figure 9.14, the conversion of methane in reformed fuel in the 

temperature interval of 800 to 1000 K is presented. By T  1000 K, the exergy effi-

ciency may reach 80%.

In order to evaluate the possible increase of exergy of reformed fuel, let us look at 

the figures calculated for a gas-fuelled diesel engine of about 5000 kW capacity. The 

main exergy flows are in Table 9.4.

The chemical exergy flow which enters the cylinder is about 19% higher than that 

of methane fuel because of the use of exergy of flue gases. As exergy efficiency of the 

diesel itself only depends slightly upon used fuel, it shows the possible fuel economy 

by TCR of about 19%.

TABLE 9.3
Exergy Conversion Versus Temperature (e in 105 kJ/kmole)

ecq ec dRC ec  ex1

Ti, K (1) (2) (1) (2) (1) (2)

   515 0.835 0 0.00402 0 0.005 0

   550 0.85439 1.04996 0.00933 0.00431 0.0109 0.0041

   600 0.94599 1.14313 0.02518 0.01386 0.0266 0.0120

   650 1.01952 1.23710 0.05813 0.03736 0.0570 0.0302

   700 1.0925 1.3177 0.11984 0.08756 0.1097 0.0664

   750 1.1647 1.3962 0.2239 0.18293 0.1922 0.1310

   800 1.2402 1.4780 0.3822 0.3452 0.3082 0.2335

   850 1.3207 1.5671 0.5954 0.5879 0.4508 0.3751

   900 1.4043 1.6627 0.8392 0.8909 0.5976 0.5358

   950 1.4843 1.7556 1.0677 1.1868 0.7193 0.6759

1,000 1.5546 1.8365 1.243 1.4088 0.7995 0.7671
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The percentage distribution of exergy, taken from flue gases EQein  2070.2 kW is 

as follows: 20.75% is used for heating reformed fuel from 515 up to 1000 K, 76.05% 

is converted into chemical exergy of reformed fuel, and 3.2% is exergy destruction 

(internal losses due to entropy rise in chemical reaction).

Calculations show a possibility of reaching rather high exergy efficiency (about 

80%) of TCR incorporated in the piston engine systems when reaction temperature is 

900 to 1000 K. Methane reforming by CO2 is only slightly less efficient than reform-

ing by water. Fuel economy by TCR in a gas-fuelled diesel is about 19%.

9.4 CURRENTOLOGY AS AN INTERMEDIATE FILE

9.4.1 DIVERGENCE FORM EQUATION

Nomenclature

A magnetic potential

B magnetic induction

D electrical induction

E electrical field

e specific energy

F cross-section

I information (amount)

I* flow of information

i information in unit of volume

J current density vector

G chemical potential

H magnetic field

h specific enthalpy

k Boltzmann constant

L length

M magnetization

P polarization

P power

p pressure

TABLE 9.4
Exergy Flows

Exergy Fuel, E3 Reformed, E5 Flue Gas, E6 Loss, DR

Outlet
Gases, E7 E8

Total, kW 96,157.7 11,880.48 3,245.93 66.42 571.48 604.22

Temperature (515 K) (1,000 K) (1,102 K) — (586 K) (586 K)

Chemicals 9,588.0 11,393.58 629.04 — 305.76 323.28

% 100 118.83 27.29 — — —
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q specific electrical charge

S entropy (amount)

S* entropy flow

s specific entropy

T temperature

U internal energy

V velocity

v 1/  specific volume

W work

e exergy

thermoelectric coefficient

electrical conductivity

energy current vector

ik tensor unity

electrical permeability

μ magnetic permeability

mass density

entropy gain intensity

ik tangential stress tensor

electrical potential

rotational frequency

Subscripts

i information

q electrical charge

s entropy

ik tensor components

o vacuum or reference

Note: Vectors are printed in boldface type, vector product is denoted by an , scalar 

Every energy process is the interaction of different flows. Even in a steady-state 

system, where nothing depends upon time, there exist steady-state currents. It reflects 

the unit watt, which is the current of one joule per second.

In this section, we attempt to describe flows of mass, impulse, electrical charge, 

energy, entropy exergy, and information in the standard divergence form of differ-

ential equations for the vectors of their currents. Entropy and information are con-

sidered as positive and negative thermal charges. Some numeric examples are given. 

Currentology might be a useful intermediate file in the array of different branches of 

energy engineering, especially with respect to the zero emissions power units.

In energy engineering education, thermodynamics, hydrodynamics and electrody-

namics are the firm basements. As usual, they are thought of differently by different 

lecturers and as a result, students do not necessarily see what they have in common.

There exists a possibility to implement a new introduction, which now, in the 

twenty-first century, looks like an intermediate file in a computer storage of basic 

information of the engineering science.
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It is based on the presentation of conservation laws in the divergence form of a 

differential equation for a quantity Q:

/Q t div gJ (9.54)

Here, J  vector of the current of Q, g  gain or sinc (negative gain) of the Q. If g is 

equal to zero, Equation (9.54) means a conservation law.

The Gauss theorem for steady-state flow is well known as the total quantity of Q,

born in the given volume V equals the flow of vector J through the surface F, sur-

rounded V. It means

gdV n dF
V F

( )J (9.55)

Now to select a particular case, the particulate vector J and the specific gain g should be 

found. The Q might be mass, impulse, electrical charge, energy, entropy, and exergy.

Equations (9.54) and (9.55) describe transport processes in hydrodynamics, ther-

modynamics, and electrodynamics.

In the middle of the nineteenth century, classical mechanics had been made, 

whereas the heat theory and electrodynamics were at their infancy. At that time, the 

main efforts of many physicists were directed to mechanical models of electrical 

and thermal phenomena. Today, electrodynamics is ahead of all due to the universal 

validity of Maxwell’s equations and very wide applications area. It is worthwhile to 

try to develop some electrical models of thermal processes for energy engineering. 

They include the flows of mass, impulse, electrical charges, energy, and entropy. In 

the last decade, the flows of exergy and information have been added.

As it travels on flows or currents, no assumption of equilibrium in ordinary ther-

modynamic sense is valid. These topics are described by nonequilibrium thermo-

dynamics (NeT) when the local equilibrium takes place and even in a gas flow, it is 

possible to identify the definite pressure and temperature in a point of a flow. Known 

books by de Groot and Mazur (1983), Landau and Lifshits (1982) and Sutton and 

Sherman (1965) are good examples of different flow descriptions. Such books are 

useful for every reader regardless of the professional skill.

Over the last decades, this author has tried to find useful analogies for thermal 

and electrical engineering (Yantovsky 1989, 1997a, 1997b). In the section, a further 

development of the same line is presented as an introduction of a branch of the NeT 

dealing with currents and flows entitled as Currentology.

Along with entropy and exergy currents, it is useful to include the information 

flow as a current of a charge which is treated on the base of the concept of thermal 

charge of both signs. Admitting the thermal charge generation, one should get rid of 

any mechanical models.

9.4.2 INFORMATION AS NEGATIVE ENTROPY

Leo Szilard (1929) (as cited in Leff and Rex, 1990) stated that the creation of one bit 

of information always is accompanied by kln2 of entropy. It was the starting point of 
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thermodynamics of information similar to origination of classical thermodynamics 

by Sadi Carnot. Recently, many authors further developed this discovery.

Modern Wikipedia cites the statement of G.N. Lewis about chemical entropy in 1930: 

“Gain in entropy always means loss of information and nothing more.” And then in 

Wikipedia: “…possession of a single bit of Shannon information (a single bit of negent-

ropy in Brillouin’s term) really does correspond to a reduction of physical entropy, which 

theoretically can indeed be converted into useful physical work” (http://en.wikipedia.

org/wiki/Entropy).

Brillouin (1956, in Leff and Rex, 1990):

Every physical measurement requires a corresponding entropy increase, and there is a 

lower limit, below which measurement becomes impossible. This limit corresponds to 

change in entropy of  kln2 or approximately 0.7k for one bit of information obtained.

Here I should stress that there exist other views, neglecting Brillouin’s approach, 

especially for biological problems (Khazen, 1991).

Zemanski (1968) stated:

A convenient measure of information, conveyed when the number of choices is reduced 

from Wo to W1 is given by I  k ln(Wo/W1). The bigger the reduction, the bigger the 

information. Since k lnW is the entropy S, then S1 (So – I), which can be interpreted 

to mean that the entropy of a system is reduced by the amount of information about the 

state of the system The increase of information as a result of compression is seen to 

be identical with the corresponding entropy reduction.

Weinberg (1982, in Leff and Rex, 1990) opined:

We can quantify the information per measurement or per bit, it is I  k ln2, the nega-

tive sign meaning that for each increase in information there is a decrease in actual 

physical entropy.

Machta (1999) stated:

Students are now comfortable with the notion that information is physical and quanti-

tatively measurable  definite amount of information may be stored in digital form on 

hard drives and other storage media and in dynamic memory  the information content 

of a record is the number of bits (ones or zeros) needed to encode the record in the 

most efficient possible way. This definition is formalized by algorithmic information 

theory  Suppose that the hard drive is initially filled with a record which is the result 

of 8 billion coin tosses. The entropy, associated with information-bearing degrees of 

freedom will be k  (8 109) bits. Suppose that disc is erased  To satisfy the Second 

Law, an equal or greater increase of entropy must have occurred  a tiny amount of heat 

k  (8  109)  (300 K)  2.3  10 11 J must be released.

According to the known Landauer principle “there is a minimum dissipation of kT
whenever a bit of information is erased in an environment at temperature T.”
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Schlögl (1989) observed: “... the development of the microstate in time is not exactly 

known. The description is restricted to probabilities over microstates. The information 

associated with their distribution cannot increase after the last observation. In thermal 

states, this information is a function I(M) of the state variables. Consequently, there 

exists the function which has the mentioned features of entropy:

S M k I M( ) ( ) (9.56)

This identification of macroscopic entropy with the lack of information about the 

microstate is the basic link between statistics and phenomenological thermodynamics.”

Schlögl’s statement is published in the book by the same publisher as R. Clausius 

Abhandlungen über die mechanische Wärmetheorie, Vieweg, Braunschweig.

Frankly speaking, we should look at the works of rare authors rejecting any link 

of information and thermodynamic entropy, but the majority admit that relations 

between information entropy and thermodynamic entropy have become common 

currency in physics.

9.4.3 THERMAL CHARGES

All the students easily accept the electrical energy transfer by conduction of electrical 

charges through a metallic conductor. Here, electrical charge is an energy carrier. The 

conductive transfer of thermal energy we call heat has another carrier, the entropy.

We define this process as conduction, because the substance in which entropy 

flows, might be at rest. Similar to electrical current, the entropy current takes place 

relative to a substance. Regardless of the possible statistical interpretation of entropy, 

it plays the role of a charge flow in the conduction process.

When electrical space charge is transferred by a moving insulator, it is a convec-

tive electrical current. A similar process is the convective transfer of thermal energy 

by flow of hot water. More comments on the conduction and convection division will 

follow in a separate section.

As we have seen that entropy and information have the same units and differ by 

sign only, we may treat them as the thermal charge of different signs. They are addi-

tive, extensive quantities, their potential (intensive quantity) is temperature. Along 

with the elemental electrical charge 1.6 10 19 Coulomb, there exists the elemental 

thermal charge 1 bit k ln2 (about 1 10 23 J/K). Every bit of information by 

measurement needs not less than k ln2 entropy production. A measurement might 

be treated as a kind of splitting of a neutral particle, forming a pair of charges but 

thermal instead of electrical. When meeting the thermal as well as electrical, charges 

annihilate if they are of opposite signs.

A sharp contrast exists between the mentioned charges: between electrical ones 

exists a strong force, creating the field (Coulomb force and Lorentz force when it 

moves in magnetic field), whereas between thermal charges, there are no repulsive or 

attractive forces and no field.

The most important difference is the strict conservation law for electrical charge 

(when by splitting of a neutral particle, the positive charge is exactly equal to the 
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negative one) and the lack of this analogy for thermal charges. Due to the Second 

Law in every real process, the positive charge is to be in excess. Only in ideal (revers-

ible) processes, thermal charges of both signs are equal, which means the thermal 

charge conservation for ideal processes.

9.4.4 GENERALIZED FRICTION

The first observation of electrical charges in ancient times was due to mechani-

cal friction of some pieces of different materials (amber  electron in Greece). 

Here, the splitting of neutral surface molecules takes place by a kind of rubbing. 

The positive thermal charge always is created by friction, not only mechanical. 

Yantovsky (1994) proposed the concept of generalized friction, including mechani-

cal, electrical, and thermal friction. Mechanical friction does not need any explana-

tion, electrical is the result of scattering and collisions of electrons in a conductor 

(electrical resistance and Joule heating) and, most important, thermal friction is 

the heat flow over the significant temperature drop. Mixture of different gases or 

liquids might be associated with chemical friction. To reverse the mixing, signifi-

cant work is needed. Generalized friction produces positive thermal charge. There 

exists, however, a possibility to observe some intensive positive thermal charge 

flow with creating negative ones (producing order from a chaos as in Prigogine’s 

dissipative structures).

In general, friction creates only a positive thermal charge, whereas to produce a 

negative charge, work is needed for a separation process. Generalized friction is the 

cause of irreversibility. The appeal of F. Boshniacovich: “Fight irreversibilities,” in 

Russian translates to “fight friction.”

The notorious negentropy of Schrödinger and Brillouin, which is needed to feed 

living creatures, is just the negative thermal charge, which is neutralized in excess by 

metabolic processes. Here, like in every combustion reaction, the chemical part of 

generalized friction takes place.

9.4.5 SOME EQUATIONS

Most problems in energy engineering are described by equations, valid for conti-

nua, neglecting relativistic and quantum effects, and assuming local thermodynamic 

equilibrium. The last means the equilibrium in a volume large enough with respect 

to mean free path of a gas particle and small enough in comparison with a channel 

size. It is just our assumptions for currentology, as in ordinary gas dynamics with 

definite T and P.

The mass conservation equation is:

/ t div V 0 (9.57)

Electrical charge conservation has a similar form

/q t div qJ 0 (9.58)

87916_Book.indb   239 3/26/09   12:21:03 PM



© 2009 by Taylor & Francis Group, LLC

240 Zero Emissions Power Cycles

The non-conservation of the thermal charges of both signs is described by the two 

equations

s t div s s/ J (9.59)

i t div i i/ J (9.60)

with the short formulation of the Second Law s i.
The sum of Equations (9.59) and (9.60), when the latter is multiplied by k gives

( ) ( )s k i t div k ks i s i/ J J (9.61)

The energy conservation law in the standard divergence form is as follows:

e t div/   0 (9.62)

The components of energy in a substance are described in an extended Gibbs 

identity:

de dU T d s ki p dv dq d d( ) H M E P (9.63)

Here, the shear part of mechanical work is omitted, and compression work 

increases when volume decreases and i itself is considered positive.

A substance, where all the terms of Equation (9.63) are of comparable mag-

nitude, is unknown. If a compressible gas is under consideration, there is no 

polarization, magnetization or information flow. A solid body, however, might 

be magnetized or polarized and carry a large amount of information (CD, DVD, 

sticks, and their forthcoming heirs). Here, some processes of energy conversion 

might be depicted on T-I diagrams, similar to ordinary T-S diagrams (in which

S  0). Instead of isobar or isochor on T-I diagrams, the isofield or isopolarization 

lines are to be used with the possibility of thermodynamic cycles drawing.

9.4.6 IMPULSE CONSERVATION

As a quantity which obeys the strict conservation law (Newton’s law), impulse is 

much more complicated than mass or electrical charge. We distinguish the mechani-

cal impulse (per unit of volume) V, which coincides with the mass current vector, 

and electromagnetic impulse

D B B H M D E P, where
0

,
0 (9.64)

A complicated case is the interaction of substance and field, when a body has an 

impulse, being at rest (V  0), when it is polarized and magnetized. It might be true 

for some new materials as magnetodielectrics or magnetic liquids (colloids of mag-

netics in a dielectric liquid).
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The two parts of the impulse current are mechanical Pik and electromagnetic Mik

currents of impulse. Both are tensors of second rank:

P p V Vik ik ik i k (9.65)

M E D H Bik i k i k ik ( )D E B H (9.66)

For each part of impulse, the standard divergency form equations of currentology 

are as follows:

( )V E J B/ ,t divP qik q (9.67)

( ) ( )D B E J B/ t divM qik q (9.68)

The rhs of these equations is the intensity of impulse creation or destroying, which 

is just the force density (force in unit of volume). The force is the link between the 

mechanical and electromagnetic parts of impulse. For the total impulse, the conser-

vation law is as follows:

( ) ( )V D B / t div P Mik ik 0 (9.69)

Well-known effects of mechanical impulse conservation such as rocket flight, air-

craft, or marine propulsion are familiar from school days. Less known are the effects 

of the total impulse conservation such as solar light pressure (first measured by P. 

Lebedev) giving some hopes for space navigation by solar sails. Much higher pres-

sure creates the beam of powerful laser. The forging of plastic metals by a high cur-

rent discharge or an induction electric motor torque are other examples.

9.4.7 ENERGY CONSERVATION

N.A. Oumov in 1874 was the first, presented energy conservation equation as the 

divergence one:

V V Ve

t

e

x

e

y

e

z
x y z( ) ( ) ( )

0 (9.70)

At that time, there were no symbol div. Nevertheless, it is evident, that (9.70) is just 

a divergence-form equation of currentology. In 1884, J. Pointing, using Maxwell’s 

field equations, gave the energy equation for electromagnetic field:

t
div q( ) ( )

0 0
2E H E H E J2 2 / (9.71)

As usual in a substance, the Ohm’s law is valid: Jq E and the rhs takes the 

form J2/ . In this case, the field energy in a closed system should always decrease. 
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The sign of rhs might be reversed if there exists an electromotive force, greater than 

the field E, when the Ohm’s law is

J E Eq mf( ) (9.72)

Mechanical energy conservation for a compressible, viscous, thermally, and elec-

trically conducting substance is as follows:

t
U

p
G

V

d

2

0 02

1

2
( )

 

E H2 2

iiv U
p

G
V

V V grad Tik

2

2
P E qJ

(9.73)

The sum of Equations (9.71) and (9.73) gives the total energy conservation equa-

tion, where rhs is equal to zero:

t
U

p
G

V

d

2

0 02

1

2
E H2 2

  iiv U
p

G
V

V V grad Tik

2

2
P E H 0

(9.74)

Here, the substance is assumed as nonmagnetized and nonpolarized. The Oumov-

Pointing vector, describing the energy current, is in the square brackets. From 

Equations (9.71) and (9.74), we learn that it is defined by its divergence only. It means 

that the addition to it of any solenoidal vector a (diva 0) does not affect the equa-

tions. Such a vector after Slepian (1942) has been rot(  H) and the Pointing vector 

E H was transformed into a more convenient form

E H H J D A Hrot t tq( ) ( )/ / (9.75)

By the definition

rot grad tA B E A, ./

For a steady-state case, when ( )/ t  0, the modified Pointing vector is

Jq (9.76)

and we see that electrical current vector lines coincide with energy vector ones. For a 

gas flow, which often is a carrier of energy, introducing the entropy current vector

/T U p grad TsJ V( ) (9.77)
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we have the steady-state case of energy current in a substance

( )G V Tik q s
2 2/ V V J J (9.78)

In vacuum, the only energy carriers are electromagnetic waves. There, no one 

term of Equation (9.78) is acting.

9.4.8 EXERGY CURRENT VECTOR

Exergy, the ability to do work in the given reference state, is the main concept of 

modern energy engineering. There exists a large amount of textbooks on the matter. 

The first one was written by Szargut and Petela (1965) and more recently by Szargut 

in 2005.

The specific exergy is

e H B E DG V U p T S k Io
2 / / / /2 ( ) (9.79)

G. Wall (1977) cited the pioneering works by M. Tribus, C. Bennett, and R. 

Landauer and stated after M. Tribus: “... relation between exergy e in Joule and 

information I in binary units (bits) is e k’ T0 I, where k’ k  ln2  1  10 23 

J/K.” This early statement is valid if exergy is totally associated with negentropy 

(the term –T0 S). As is evident from Equation (9.79), there exist many other impor-

tant terms.

In Equation (9.79) as before, we count S  0, and I  0. The sum of positive and 

negative thermal charge times reference temperature T0 represent the lost or gained 

(Iantovski, 1997a) works. Instead of chemical potential, the chemical exergy G
should be used. The divergence form of exergy equation in currentology is

e/ t div T ks iJ
0

( ) (9.80)

in agreement with Equation (9.61). Introducing entropy current in Equation (9.77) 

into the corresponding exergy current vector, we have

J H M E P

E H H J D

V /( )

( ) (

G V

rot q

2 2

// /t t T T kik s i) ( )( )A H V J J
0

(9.81)

The simplified steady-state version for a gas flow is (Iantovski, 1997b):

J V J V J( ) ( )G V T Tq ik s
2

0
2/ (9.82)

The last term in the case of thermal conduction or convection translates into 

( grad T) (1 T0 /T) or (  VU) (1 T0 /T) not only in a gas, but in liquids, and 

the solid bodies.
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9.4.9 CONDUCTIVE, CONVECTIVE AND WAVE TRANSFER

In every textbook on heat transfer. one may find the above mentioned division for 

thermal energy transfer. Kreuzer (1984) offered to use conduction and convection 

division for an impulse flow. Looking at Equations (9.81) and (9.82), we see the 

transfer by moving substance V convection and flows through a steady-state sub-

stance (conduction). This division is valid for all the terms of energy and exergy 

currents, and is very useful for currentology. In energy equations, all the quantities, 

carried by convection, are the function of the state, not of the path. That is why it is 

wrong to call the convection of internal energy U as heat. It is just the thermal energy 

transfer. The functions of a path, the work, and the heat are all the energy transfer 
conduction either by impulse (it is work) or by entropy (it is heat); see Yantovsky 

(1989). The first (Oumov) energy conservation equation in divergency form Equation 

(9.70) is just energy convection by moving substance. The hot water flow in a heating 

system is a convection of thermal energy from boiler to user, whereas the conductive 

transfer of this thermal energy through a wall of home battery is heat.

The third modes of energy and exergy transfer are waves, which can carry impulse, 

entropy and information. The most important waves are the electromagnetic ones, 

predicted by Maxwell and discovered by Herz. These waves (radio, TV, magnetron 

oven, light, laser) carry the energy current ∂A/∂t H. For the unit of this current 

might be used the solar constant 1,368 W/m2. It is the perfectly measured light 

energy current from the sun falling on an Earth satellite in space.

In the next figures, the numerical examples of exergy current densities are mea-

sured in :

Natural gas main, VG  3.3 106

Hot water heating, (  VU) (1 T0/T)  3,000 

Boiler furnace, (  VU) (1 T0/T)  7,000 

Boiler tube wall,  grad T (1 T0/T)  150 

Electrical generator gap, ∂A/∂t H BLH  180,000 

High voltage direct current line, Jq  7 108

Wind by 10 m/s, V V2/2  0.36 

Averaged solar in Europe  0.11 

These figures vividly show why an energy boiler should be much bigger in size 

than an electrical generator. Looking at very low figures for popular renewables 

(wind and solar), one may understand why the bulk energy supply by solar or wind 

energy is hardly possible in densely populated, energy intensive, but rather small 

land surface countries of Europe. It is because in an ordinary fuel-fired power plant, 

the exergy current density is thousands of times more than that of solar or wind. It 

means they need much, much less land. The question seems to be crucial for the 

most densely populated and energy intensive part of Europe, the land of Nordrhein 

Westfalen in Germany. V. Smil (1991) systematically investigated the energy current 

density in energetics and indicated the possible problems of renewables due to very 

small energy current densities and much land needed.
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Figures of another kind illustrate the thermal charges currents. The known, rather 

old, figures of the attained in practice information flows, measured in bits/s are as 

follows:

Telegraph: 75; telephone: 2500–8000; television: 2 107; glass fiber: 1 108.

Let us compare the currents of thermal charges in an optical glass fiber line. 

Imagine a cable, connecting a warm room (27°C) with a cold one (0°C), possessing a 

length of 27 m. Here, the grad(T)  1 K/m. The entropy conduction flow is:

S* Js F F ( gradT)/T  4.5 10 11 W/K, by 

 1.34 W/m.K, F  0.01 mm2, T  300 K.

The negative charge flow (information) is:

k I*  1.38 10 23 108 = 1.38 10 15 W/K

it is four orders of magnitude less than the positive one. If, however, the recent data 

on the achieved information flows are used, the figures are different. Modern opti-

cal lines may carry 320 Gbit/s (Bishop et al., 2001); here k  I*  4.4 10 12 W/K 

which is very near to mentioned S*. The new technology of MEMS (Micro-electro 

Mechanical Systems) demonstrated in July 2000 more than 10 Terabits per second of 

total switching capacity. Such switches “might support the petabit (quadrillion-bit) 

systems that are not very far over the horizon.” It is evident that soon the flows of 

information might exceed the thermal conductivity entropy flows in optical fibers.

Let us compare the information flow from a computer and entropy income due to 

conversion of electrical power into heat inside it. This ratio might be considered as 

the thermodynamic computer efficiency: k I*/S* T0 k I*/P = 8.4 10 14.

Here it is assumed I* as for TV, P  100 W, T0  300 K. For a telefax machine by 

I*  9,600 bit/s and P  20 W, we have  2 10 18. For a modern notebook com-

puter by P  1 W and information output of 10 Gb/s, this efficiency is 4 10 11.

The quite natural question here is this: are the figures with such a small efficiency 

meaningful? Could they make any sense? The answer is: probably yes. The visible 

way to increase this efficiency was mentioned by Richard Feynman in his lectures on 

the theory of computation: to shift from a crystal to molecular level in the chip struc-

ture and to shift to low power consuming transmitters of information. If a handheld 

telephone transmits 8000 bit/s, its power supply should be not less than: T0 k I*
300  1.38 10 23  8000  3.3 10 17 W.

Contemporary devices consume much more power and the limit is still not within 

sight. The trend, however, is toward it.

9.4.10 INFOELECTRIC EFFECT EXPECTATION

Let us consider Ohm’s law, Equation (9.72), with the thermoelectric electromotive 

force:

J Eq grad T( ) (9.83)

From here, the field is

E J J Jq s iT k/ /( )( ) (9.84)
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As the main assumption here along with entropy current (1/T) grad T, the 

information current was included. The reason is a possible similarity of interaction of 

thermal charges of both signs with the conductive electrical charge flow.

This expected effect has been entitled “infoelectric,” analogous to well-known 

thermoelectricity (Iantovski and Seifriz, 1996). In isothermal condition, when a wire 

is immersed in a bath, beside an electrical current, there exists only the information 

current:

E J Jq ik T/ / (9.85)

The ratio of the second term of rhs to the first one gives a criterion De:

D k T I Fqe
/ /( ) * ( )J (9.86)

The more De, the more pronounced is the expected effect. To observe it in 

addition to the careful choice of wire material (figure of merit / ), the ratio of 

information flow to electrical current is important. In other words, how many bits 

of thermal charge carries one coulomb? If T  300 K,  0.001 V/K,  1000 

kSm/m, I*  100 Mbit/s,  60 W/mK, and Jq F  1 mkA, the criterion De

0.0006. The expected potential difference should exceed the noise due to thermal 

motion of electrons. In an experiment, the two identical wire probes with the 

same electrical current might be used, assembled as shoulders in a sensitive bridge 

scheme. When the information current appears in one of them, the bridge should 

be disbalanced.

9.5 PARETO OPTIMIZATION OF POWER CYCLES

Nomenclature

c,m,p given correlation parameters from statistical data

K net-exergy coefficient

M monetary target function

P pollution target function

r specific pollution (per exergy unit)

u,v,w priority coefficients for exergy, money, pollution

Z exergy target function

exergy or exergy flow

specific cost (per unit of exergy)

lifetime of considered object operation

exergy efficiency ( * Pareto-optimal, tot  total)

Subscripts

d delivered

con consumed

b invested
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9.5.1 COORDINATES FRAME

Here, the three-dimensional space is formed by the three quantities: money, exergy, 

and pollution, considered as independent criterions. The evident target of every engi-

neering project, especially of energy ones, is to have a minimum of the above men-

tioned expenditures. However, a reduction of one of them often leads to the increase 

of another one. It is just the case of Pareto optimization.

A simple model to connect all the criteria to exergy efficiency is used. The 

increase of exergy efficiency above the optimal value gives a decline of the current 

part of expenditures, but increases the invested part of them, needed to manufacture 

equipment. The approaching of exergy efficiency to unity leads to the infinite size of 

equipment along with prohibitive expenditure of exergy and money, as well as pol-

lution release.

The three-dimensional characteristic curve is depicted in a rectangular coordinate 

frame with an indication of the three individual minimum values.

The regular procedure of Pareto optimization is demonstrated by the use of three 

priority coefficients. The Pareto-optimal exergy efficiency is presented in a simple 

analytical form. The careful selection of the three numeric correlation parameters 

for the dependence of the invested exergy, capital, and associated pollution upon the 

exergy efficiency is needed.

Optimization is the most common problem of every engineering activity. Actually, 

a design is just an optimization in the frame of restrictions of the real world. One of 

the best illustrations is the book of Bejan et al. (1996), where the words “design” and 

“optimization” in the title are in a neighborhood. An extensive bibliography might 

be found there.

A remarkable event was the summer school of NATO Institute of Advanced 

Studies in July 1998 in Neptun, Romania (Bejan and Mamut, 1999).

As a rule, optimization problems are based on complicated models, where 

only computer simulations might be used and an analytical solution is impossible. 

Generally, the target function is only one, cost of energy (COE) or entropy gain or 

exergy destruction minimization. The very important consideration on resources scar-

city or pollution mitigation are taken into account by monetary cost of exergy (Bejan 

et al., 1996) and pollution with subsequent minimization of overall costs. Real life, 

however, sometimes forces the use of many independent target functions simultane-

ously, when a decline of one of them causes the increase of another one. How to find 

the optimal solution as a base for decision making? Here is just the place for Wilfredo 

Pareto’s approach (von Neumann and Morgenstern, 1947; Steuer, 1986).

In energy projects, the most important is minimization of the three target func-

tions: exergy, monetary expenditure, and pollution release, which are considered 

quite independent.

Presentation of these three target functions in the form of a three-dimensional 

“space of social will” has been proposed in Yantovsky (1994, p. 62): “Many values 

might be taken into account to describe energy supply.”

According to the thoughts of Yantovsky, the best are three: “monetary cost of 

energy, sum of specific exergy consumption, pollution or risk to mankind  The 

palliative solution to this problem might be found if we consider all three values as 
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quite independent and award each item by its own coordinate axis  Any decision 

maker wants to launch an optimal issue. Here, well-known Pareto optimization might 

be used ”

At that time, however, there were no analytical models to deal with these quanti-

ties. Now, we have the branch of exergy analysis referred to as “exergonomics,” which 

considers not only current exergy expenditure, but also the former one, invested to 

produce equipment (Yantovsky, 1994). It is similar to Exergy Life Cycle Analysis, 

described in detail by Cornelessen (1997) and Gong and Wall (1997). Both of these 

works give background to our optimization problem. We prefer the name “exergo-

nomics” to stress the similarity to ordinary economics.

The aim of the present section is to demonstrate the Pareto-optimization proce-

dure in the three target function frame (“energy trilemma”) on the basis of a simple 

model of the link of exergy expenditure, monetary cost, and pollution with exergy 

efficiency of an energy object (power plant, boiler house, refinery, etc.).

We would like to clearly indicate the difference of our approach from well-known 

advanced approaches to the problem of power systems optimization (Makarov et al., 

1998; Song, 1999).

We consider not existing, but only future energy systems in the time of its design; 

therefore, all the invested expenditures are of importance.

We consider not only power, but also thermal and chemical energy consumption 

and delivery, evaluated in exergy units.

We simultaneously consider the three most important target functions. They 

are visualized in a three-dimensional rectangular frame system, entitled social will 
system, because serving as a society designer tends to minimize all the three.

The need to make some changes in the external conditions of an energy system 

operation, which would introduce uncertainty and additional expenditures for adap-

tation (Makarov et al., 1998) is beyond the scope of this chapter. Recent findings for 

modern optimization techniques (Song, 1999), such as simulated annealing, genetic 

algorithm, neural network, fuzzy logic, Lagrangial relaxation, and ant colony might 

be some subjects for future works on Pareto optimization.

9.5.2 INVESTED AND CURRENT EXPENDITURES

Considering exergy, monetary, and pollution expenditures, we will distinguish the 

invested part and the current part. Speaking on pollution expenditure, we mean the 

flow of a pollution substance, such as combustion products, particulate matter, etc., 

which should be minimized.

The invested part of every expenditure is what we need to produce equipment 

and construct the buildings. It means the capital investment, the exergy consumed 

to extract raw materials, to melt metals, to roll, cut, forge, and produce construction 

materials, transportation, etc., and pollution released during the mentioned activity.

The current (or operational) part is what we spend in normal operation, such as 

the fuel consumption and associated payments, fuel exergy flow, and combustion 

products such as pollution flow. The delivered exergy flow is the reason for the con-

sidered object existence, exergy of delivered electrical power, thermal energy in dis-

trict heating, or oil products from a refinery. All mentioned exergy parts are presented 
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in Figure 9.9 versus time. Note the main optimizing parameter, exergy efficiency, as 

the ratio of delivered to consumed current (operational) exergy flow. Note also that, 

in Figure 9.9, the invested exergy b is the amount measured in joules (subscript “b” 

means “building”), whereas delivered and consumed are exergy flows, measured in 

watts.

There exists the link between the invested and current parts of any expenditure. 

We always can decrease the boiler fuel consumption by decreasing the temperature 

drop; however, this action will increase the heat-transfer surface, and hence, the size 

and exergy consumption on the metallurgical mill to produce metal, which is the 

invested part of expenditures. The Carnot ideal engine with exergy efficiency near 

unity is impossible to construct due to the limitless invested exergy expenditure. 

These physical reasons suggest that there exists an optimal relation between invested 

and current expenditures. However, there are no reasons that they coincide for the 

three targets. Actually, they are different. The principal problem of optimization is to 

find a simple enough analytical model to describe the link between the invested and 

current parts of expenditures.

9.5.3 EXERGY MINIMIZATION

Let us first consider the target function for exergy. The simple model, connected 

exergy efficiency with invested exergy (Iantovski, 1998) is

b d c/( )1 2 (9.87)

Here, invested exergy is inversely proportional to the exergy destruction rate. The 

correlation parameter c is used to adjust to known numerical data of equipment.

The total exergy efficiency, taking into account the sum of invested and current 

expenditures equals

tot con
/d b( ) (9.88)

The main criterion in exergonomics, the specific exergy consumption is:

Z / / / / K /tot con con1 1 1 K d d, , (9.89)

Introducing Equation (9.88) into K, we get

K Z / /c c2 21 1 1 1( ); ( ) (9.90)

From dZ/d 0, we get an individual optimum

opt opt/ Z /c c( ); min1 1 2 (9.91)

The geometric locus of maximal tot is the square parabola; see Figure 9.15 a, b. 

Here, the three curves reflect different (increasing) correlation parameter c cases. The 

more c, the more optimal exergy efficiency according to Equation (9.91).
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9.5.4 MONETARY AND POLLUTION OPTIMIZATION

The monetary cost of a product is the specific cost of delivered exergy unit multiplied 

by exergy flow rate and lifetime (Bejan et al., 1996):

d b bd con con
(9.92)

Introducing the correlation for exergy according to Equation (9.92), we get:

d b ccon / / /[ ( )]1 12 (9.93)

It is evident that optima for monetary cost and exergy should be different, because 

costing changes the correlation parameter. If we introduce the new parameter 

FIGURE 9.15 (a) Dimension criterions Z, M, P, versus exergy efficiency; (b) characteristic 

curve in the 3-D frame Z-M-P (exergy—money—pollution) and its projections (Yantovsky, 

1994); c 1.5, m 3, p 5.
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m c /con b , all the previous results are the same by replacing c for m:

M / / / mcond 1 1 1 2( ) (9.94)

The total pollution release, associated with delivered exergy is:

r r rcon cond d b b (9.95)

The pollution from fuel-fired power plants consists of different exhaust gases with 

different environmental impact. In order to reduce all the gases to only one equiva-

lent flow rate, the environmental impact units (EIUs) are used (Muessig, 1999). One 

EIU equals 1 t of carbon dioxide (CO2) emission. In this unit, the emission of 1 t 

[SO2]  93 EIU, 1 t [NOx]  172 EIU, and 1 t [CH4]  29 EIU. The total pollution is 

the sum of products of gas mass fractions and its EIUs.

Introducing a correlation parameter for pollution p c r rcon b
2 2 / , we get:

P r /r / /cond p1 1 1 2( ) (9.96)

It is the dimensionless pollution criterion, similar to Z for exergy. Equations 

(9.90), (9.94), and (9.96) describe the characteristic curve in the three-dimensional 

frame Z-M-P as functions of one optimized parameter .

9.5.5 PARETO OPTIMIZATION PROCEDURE

Let us denote as z the individually optimal exergy efficiency for Z criterion, and 

accordingly m for the M criterion and p for P criterion.

As a desired compromise, let us find such a solution * which gives minimal 

deviation from every optimal value:

F u Z v M M w( ) min{ [ ( ) ( )] [ ( ) ( )] [* Z z m PP P( ) ( )]}p (9.97)

Where u, v, w, are some weight (priority) coefficients by condition

u  v  w  1 (9.98)

One of many ways to evaluate the priority coefficients is polling of an expert 

group or shareholders as to what is for them the most important: resources (exergy), 

cost, or pollution minimization. The number of votes “for” is to be divided by the 

number of all voters.

As it was first shown by Zack (1972), all the values of * as solutions of Equation 

(9.97) form the Pareto set by different coefficients u, v, w.

We see that

u Z v M w P const( ) ( ) ( ) ,z m p
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and the search of our desired compromise solution is the minimization of the 

functional

F 1/ u/ c v/ m w/ p( ) ( ) ( ) ( )1 1 12 2 2 (9.99)

From Equation (9.99), we get

F/ 1/ / A2 21 1 0( ) ,

where

A /(u/c v/ w/p2 2 2 21 m ) (9.100)

The coincidence to the case of Equation (9.100) and Equation (9.101) is evident:

* ( )A/ A 1 (9.101)

If one assumes v  w  0, A  c, then *
z and the like for the other two priority 

coefficients.

Changing coefficients u, v, w by given c, m, p, we get the Pareto set. Let us go to 

some visualization of described results.

9.5.6 NUMERIC ILLUSTRATIONS

Suppose the numeric values of correlation coefficient (from the statistics on exergy 

expenditures, costs, and specific pollution release) are c  1.5, m  3, p  5. According

to formula (9.91), valid by arbitrary c, we can calculate the individual (not Pareto) 

optima and minima:

The curves for Z, M, P versus exergy efficiency are presented on Figure 9.16.

Their increase after minimal value reflects the increase of invested exergy, when 

exergy efficiency approaches unity. All three optimal and three minima are indi-

cated. The arrow shows the direction of exergy efficiency increase. If we consider a 

heat exchanger, the optimizing parameter might be the temperature drop in a wall. In 

this case, the arrow direction is opposite.

TABLE 9.5
Optima for Selected Correlation 
Parameters

Parameter opt Minima

c 1.5 0.60 Z  2.77
m 3 0.75 M  1.77
p 5   0.833 P  1.44

Source: Yantovsky, E. and Zack, Y., 2000.
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The characteristic curve in the rectangular frame of social will and its projections 

are presented in Figure 9.11. The three individual optima are indicated.

Some numeric results of the Pareto-optimization are presented in Table 9.6 

for the two groups of given correlation parameters c, m and p and three values of 

priority coefficients for each group. When priority of exergy is increased from 0.1 

to 0.6, the exergy expenditure criterion Z declines from 3.155 to 2.808 or from 

10.516 to 9.10. The second group of c, m, p and associated numbers are printed 
in italic.

The table shows a sensitivity of the Pareto-optimal exergy efficiency to the values 

of priority coefficients u, v, w, sufficient for a robust determination of optima. In 

an interesting paper on heat-exchanger design, D. Sama (1993) felt sorry for telling 

students

… that they must design only at the exact economic optimum. To do otherwise 

would be heretical, thus we send them on in search of the holy grail called the 

‘global optimum’  The existence of a global optimum is a myth whose pursuit is 

fruitless.

We agree with this statement only if a designer does not know what he actually 

wants. If he properly selected not only one, but an arbitrary couple of target func-

tions and specified the priority coefficients, he can get the global optimum. It is just 

the Pareto one.

To create the simple model of the link between the invested and delivered exergy, 

let us find an analytical solution for Pareto-optimization of energy objects in the 

three-dimensional space (exergy-money-pollution).The three correlation parameters 

should be taken by means of statistical data. This approach is worth the attention the 

decision makers in energy engineering and policy.

TABLE 9.6
Example of Pareto Optimization Results

A * Z M P

c  1.5 u  0.1 3.135 0.785 3.155 1.77 1.484

m  3 v  0.3

p  5 w  0.6 1.165 0.538 10.516 4.022 1.993

u  0.6 1.860 0.650 2.808 1.855 1.652

v  0.1

w  0.3 0.630 0.386 9.10 4.22 2.691

c  0.5 u  0.3 2.214 0.688 2.877 1.809 1.581

m  1 v  0.6

p  4 w  0.1 0.745 0.427 9.321 4.087 2.450

Source: Yantovsky, E., 2000.
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10 Two Lectures for 
Students and Faculty 
of Dublin Institute of 
Technology (2003)

10.1 TO BAN OR NOT TO BAN?
(ON THE HUMAN RIGHT TO BREATHE
AND GLOBAL WARMING)

Ancient citizens of European cities had an unpleasant custom of throwing the con-

tents of night pots away through windows. After the ban of this practice, many people 

continued throwing nightly over the fences to neighbors. Only at the end of the nine-

teenth century, were sewage systems developed to cope with the problem of biologi-

cal human wastes.

Technological wastes (including power plants and boiler houses) exceed by mass the 

biological ones. The main part of technological wastes is exhaust gases discharged into 

the atmosphere after combustion of different fuels. Look at the roofs in old European 

cities. You will see thousands of stacks or chimneys. Isn’t it the same as throwing the 

waste through windows? When a source of smog is too large, a very high stack of more 

than 300 m is erected in the vicinity to throw wastes to more distant neighbors.

Now imagine you are living on a river. Nobody may force you to drink dirty water, 

polluted by a landlord upstream. He will be punished for polluting. That is why recently 

European rivers have become cleaner, even with nearby fisheries. Why, then, should 

you breathe dirty air, polluted by power plants, heating systems, industry, or vehicles? 

Why is it impossible now to completely forbid all the discharges into the atmosphere? 

You and your children are working in this industry and drive these vehicles.

Recently, many manufacturers have shifted far away from Europe, but Europeans 

might be afflicted due to loss of jobs. In general, such a shift does not differ from 

throwing away waste at the neighbors as in ancient times. If the neighbors are hungry, 

the possibility to earn overtakes the fear of pollution. This is the case of the develop-

ing countries, including Eastern Europe. But this agreement is temporal. More drastic 

measures are needed. The problem of technological wastes might be further ignored by 

decision makers, leaving it as merely slogans of “green” parties. But in recent decades, 

it has attracted new attention due to the menace of global warming or climate change.

The additional heating of the atmosphere was forecasted in 1827 by Joseph Fourier, 

a French physicist and mathematician, known as the “Newton of heat transfer.” 
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In 1896, one of the founders of physical chemistry, Swante Arrhenius, described the 

nature of the phenomenon in the paper, On the Influence of Carbonic Acid in the 
Air upon the Temperature of the Ground. Solar beams carry a lion’s share of energy 

by the short-wave ultraviolet flow when they are falling to Earth. All the incidental 

energy should be re-radiated back to space. But the temperature of the ground is 

low and beams are long-wave, infrared. Existing in the atmosphere, carbon dioxide 

and some other trace gases absorb the waves of just this length, forming a blanket 

around the planet. In principle, this phenomenon is extremely important; otherwise, 

the ground would be too cool, and without life. The glass in a greenhouse plays a 

similar role of a blanket. That is why the effect is called a “greenhouse effect.” It 

is a normally existing effect; harmful it is increased due to manmade gases. On the 

planet Venus, the atmosphere consists mostly of carbon dioxide, its surface tempera-

ture is about 500°C and thus no life is possible.

The works by Fourier and Arrhenius have been ignored until the late 1970s when 

a leading climatologist in the Soviet Union, M. Budyko, had compared their views 

and his own, showing the reality of the menace in the book Carbon Dioxide in 
Atmosphere and Climate in 1973. The entire world began researching correlations 

of carbon dioxide concentrations and surface temperature, measuring it at thousands 

of observatories on land, by planes, and satellites. Powerful computers using sophis-

ticated models have been used to predict climate changes.

The main international scientific body, IPCC (Intergovernmental Panel on 

Climate Change), headed by Professor B. Bolin stated in 1993:

We are certain that emissions from human activity are substantially enhancing the con-

centrations of greenhouse gases in the atmosphere … These increases will result in an 

additional warming of the Earth surface. We calculated with confidence that … fossil fuel 

use has been responsible for more than half of the ongoing change of the enhanced green-

house effect. Long lived gases would require immediate reductions of emissions from 

human activities by more than 60% to stabilize their concentrations at today’s levels.

In 1996, the same IPCC added to this the possibility of a more dangerous hydro-

logical cycle, affecting such extreme events as droughts, floods, and rainfalls. The 

unexpected flood in Central Europe is being treated by many as a confirmation of 

the IPCC forecast.

Summits of world leaders in Rio de Janeiro, Morocco, and Johannesburg were 

devoted to prevention of global warming. In 1997, a protocol was issued in Kyoto 

about damping of greenhouse gas emissions. It has already been signed by 120 coun-

tries, but in some it is not yet ratified.

So far, so good, but not clear. Many climatologists flatly reject the explanation 

of the phenomenon and even the existence of global warming. Some of them have 

stated that emissions of methane from swamps and cracks in the Earth’s crust far 

exceed the manmade release. Even the total halt of this release will have little effect 

with respect to natural emissions.

Other experts said that observed warming does not have any link to gas concen-

tration. They opined that in the geological history of the Earth, the carbon dioxide 

concentration in the atmosphere was ten times more than in the contemporary period 
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but that it caused only the ice period to occur, not warming. The independent mea-

surements of the water temperature in the North Ocean, made by enemies during 

40 years of the Cold War revealed a decrease, not an increase in temperature. Some 

experts stated that the satellite measurements have statistically proven that warming 

has not been observed at all.

The controversy sometimes is so sharp, that it spoils any truth finding. An exam-

ple is as follows.

The Russian Institute of Global Climate and Ecology (RIGCE), headed by aca-

demician Yu Israel stated, “General trend still remained unchanged, there exists 

climatic warming in Russia and the world as well.” But academician K. Kondratiev 

when interviewed on March 29, 2004 stated:

To mitigate emissions into atmosphere is not realistic even if it is needed … The RIGCE 

says nonsense. In the scientific world of climate problem exists a powerful mafia … 

thousands of people are corrupted in order to write in support of some concepts. And 

I am not a single dissident.

There are enough of nay-sayers on the global warming theory in the world. Note 

the definite and strong sentences.

However, during this same time period, an equally strong opposite opinion was 

expressed by Professor David King, the chief consultant for the British Government 

in the magazine Science, on January 9, 2004. He stated that the climate change 

menace is more harmful for mankind than terrorism. He reproached the U.S.A. for 

neglecting to do anything against global warming. He maintains that U.S. emissions 

are equal to 20% of the world, when the U.S. population is only 4%.

The damage to the U.K. he estimated as tens of billion of pounds annually due to 

the sea level rise from water warming and melting near Greenland and Antarctic ice. 

He forecasts a rise of storm waves with increased coastal destruction. Urging reduc-

tion of carbon dioxide emission, he argued that a delay of urgent measures will cause 

more expensive actions later. He estimated the contemporary spending as 1% of the 

gross domestic product (GDP) of developed countries.

In these short notices, it is impossible to describe the climate controversies on a 

full scale. Most dangerous is the lengthy time of the discussions. The only judge in 

natural sciences, His Majesty Experiment in global scale can be made by Lord only 

whereas all the experiments on small models will not assure. In this setting, there 

appears an intention to find a background of preventing measures from the point of 

our beginning. To rationalize the human right to expel emissions into the atmosphere, 

would be equal to permitting pollution of a river or even to the throwing of wastes 

through windows. As usual, when one tries to show the importance of something for 

a man, one will always indicate the time span of living without it. So, without food —

months, without water —weeks, without breathing — only minutes. Do not mini-

mize the problem by stating that “without breathing” is still not the case and even 

in large cities, there is enough fresh air. It is important to stop the trend before it is 

too late. Every discharge into the atmosphere is the violation of the human right to 

breathe. The robbery of one person is considered a heavy crime regardless of the fact 

that there is a large amount of other people who have not been robbed.
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The immediate question comes to mind of whether it is possible to ban every 

discharge of waste into the atmosphere.

Most frequently, it is answered that we should stop fuel combustion and turn to an 

energy supply without combustion. Such a supply involves nuclear power and solar-, 

wind-, and hydropower, collected under the title of renewable energy. There exists 

a firm negative attitude to nuclear power due to still unsolved problems of nuclear 

wastes and as a secondary nuclear weapon for terrorists, especially after the event of 

September 11, 2001.

Renewables might form the basis of an energy supply in some distant future, but 

they are unable to dominate in this century. There are no alternatives to fossil fuels 

for power plants and vehicles for at least half a century. But this doesn’t mean that 

emissions are unavoidable.

The technical solution is simple: to convert gaseous wastes into liquid ones (emis-

sions into effluents) and then to follow the treatment of biological wastes, the

sewage system. The main product of combustion, carbon dioxide in liquid form, 

has a thousand times less volume, and might be transported under pressure of about 

100 bars by a steel pipe system and then sequestered deep underground or in the 

ocean’s depth. Such a solution was first offered by an Italian engineer, Cesare 

Marchetti, in 1977. The scheme of a fuel-fired power unit, cogenerating power and 

liquid carbon dioxide has been patented in the Soviet Union by V.L. Degtiarev and 

V.P. Gribovski since 1967. But they did not know of the greenhouse effect and devel-

oped the unit for industry.

In cooperation with colleagues from different countries, this author has been con-

cerned for 15 years with the development of a fuel-fired power plant without exhaust 

gases. The scheme is comprised of an air separation unit to produce oxygen and 

release harmless cold nitrogen back into the atmosphere. Combustion takes place 

in “artificial air,” a mixture of oxygen and recirculated carbon dioxide. The use of 

this artificial air is as a working substance in turbines and deflection of a fraction 

of it from the cycle to transport for sequestration. The fraction is exactly equal to 

an amount of carbon dioxide formation in the combustion chamber. Such a scheme 

was first described in 1991 at the World Clean Energy Conference in Geneva. The 

most recent version with the detailed references list could be easily found at: www. 

carbonsq.com/pdf/ posters/CSII5.pdf, and in application to piston engines for vehi-

cles at: www.carbonsq.com/ pdf/posters/CAPI1.pdf.

In 1991, The International Energy Agency created the Greenhouse Gas R&D 

Programme in Cheltenham, U.K. under the direction of a group of scientists to coordi-

nate worldwide research and publish a bimonthly magazine called Greenhouse Issues.
During the last decade, combustion without emissions has been discussed at six 

International Meetings On Greenhouse Gas Control Technologies, three National 

Conferences in the U.S.A. on carbon sequestration and many other meetings. In par-

ticular, at Liege University (Belgium) in 1997 and 1998 were held Workshops on Zero 

Emissions Power Cycles, where it was shown that every scheme of a fuel-fired power 

unit might be converted into a zero emissions version almost without sacrificing effi-

ciency. The state-of-the-art of zero emissions technology is well described in www.iea.

org/impagr/zets/status/2002tsr.pdf. At a recent Conference VAFSEP in Dublin on July 

6–9, 2004, the paper “Zero Emission Membrane Piston Engine system (ZEMPES) for 
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a Bus” was presented by my colleagues Dr. James McGovern, Professors Shokotov 

and V. Vaddella. It might be a good subject for further elaboration in DIT.

The fate of sequestered carbon dioxide was the subject of investigation by many 

geologists. The most important result is the successful experiment in Norway, where 

one million tons of carbon dioxide were injected annually to the depth of 800 m 

over a period of 8 years. Still no hints of escaping or other problems are observed. 

Carbon dioxide eventually is bound in the form of calcium carbonate (school days 

chalk for blackboard). The amount of strong brines deep underground (hydro litho-

sphere) is so large that all the world technological wastes might be sequestered for a 

millennia. It is possible to state that, for the protection of the human right to breathe, 

all the exhaust gases should be directed not into the atmosphere but into the hydro 

lithosphere. The same action would protect the Earth from global warming due to 

the greenhouse effect, if it really exists.

What is the setting in different countries?

In Germany, the climate change problem attracted great attention. The Green Party 

takes more and more places in Bundestag. Its member, Jurgen Trittin, as the Minister 

of Environment Protection and Reactors, has made many important decisions. At the 

International Conference in Bonn on July 1, 2004, he confirmed the gradual shutting 

down of nuclear reactors with the decommissioning of the last in about 20 years. 

Germany is adhering well to her obligations according to the Kyoto protocol. By 

2008, the emissions would be decreased by 21% with respect to 1990. In 2000, the 

actual decrease was 19.1% which is a good example for all the developed countries.

The concept of zero emissions power has been examined by a major group of 

specialists from universities and industry entitled COORETEC. Their report in 

December 2003 contained, in particular, the perspective of ceramic membranes for 

oxygen production for zero emissions power plants. They set oxygen apart from nitro-

gen and other gases in the air by temperatures of about 900°C. This forms the mix-

ture of oxygen and carbon dioxide on a much cheaper and simpler scale than ordinary 

cryogenic air separation units. Unfortunately, it is unknown whether in Germany a 

demonstration unit is underway. In the United States, such a unit soon will be built by 

the company, Clean Energy Systems, in California, (www.cleanenergysystems.com).

The CES Company has been arranged by a group of retired German co-workers 

of Werner von Braun in creation of big rockets. They know well how to combust in 

oxygen. The main idea and patent of 1996 belongs to Rudolf Beichel (1913–1999). 

His scheme does not differ from the one presented at the Geneva World Clean Energy 

Conference in 1991.

Very active against emissions is former British Prime Minister Tony Blair. He 

shared opinions of David King and created an International Climate Group for 

Emissions mitigation, which will be active irrelevant to the process of sign and rati-

fication of Kyoto protocol. Tony Blair promised next year, when the U.K. is to be the 

chair in the “Big 8,” these questions would dominate in their agenda. The U.K. had 

demonstrated that damping emissions is not detrimental to economic growth, which 

had risen in 1990 to 2002 by 30% along with the emissions decline by 15%. He states 

that the U.K. will damp emissions by 60% in 2050.

Very interesting is the U.S. administration policy. On one side, they flatly rejected 

the protocol on emissions damping. The United States still dominates the nay-sayers 
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on global warming harm. From the other side, all the research and development works 

toward zero emissions are generously supported by the Department of Energy and 

their results are actively discussed at regular meetings of high scientific rank. Many 

interesting works are underway in Japan, especially in the area of conversion of carbon 

dioxide into transportation fuels. Powerful industrial companies joined their efforts in 

carbon dioxide capture and sequestration; see www.co2captureproject.com.

Finally, some words on the recent events in Russia, which were not in agree-

ment with the Kyoto protocol. Last summer (2002)*, after the Climate Conference in 

Moscow, President Putin asked Russian scientists to analyze the reason to ratify the 

Kyoto protocol. The Academy of Sciences formed a special council, which held 12 

sessions with 20 presentations by leading academicians. Unfortunately, the opinions 

were different as it was shown in controversy by Izrael-Kondratiev. To the last ses-

sion of this council were invited many foreign climatologists and other specialists. 

A great scandal unknown in the scientific world occurred at this session. Andrey 

Illarionov, adviser to the President, and a known enemy of the protocol, had compared 

the global warming theory with a totalitarian ideology such as Nazism, Marxism, or 

Lysenkoism. Europe was already under the power of the “brown pest,” said Illarionov. 

Now the pest of another color is coming and again Russia stands on its way.

A fraction of indignant foreign participants headed by David King could not toler-

ate this speech and left the session. The comparison is not only notorious but symp-

tomatic. At first, Russia had crucially supported these theories, and implemented 

their terrible practice, and only then after implementation was against them. But for 

Russia, there would not have been the split between communists and social-democrats, 

which paved the legal way to Nazism power. But for Russia, Marxism would have 

had only modest places in economic textbooks along with the other theories.

The absurdity of the Lysenko theory was evident to all the honest biologists in 

Russia, but the cads in power theoretically killed the national Russian genius, acade-

mician Nicolay Vavilov and annihilated Russian genetics.

Illarionov’s comparison and his administrative position lead to a natural question: 

If your struggle against the Kyoto protocol would end in the same manner as that of 

your predecessors against genetics, who would be responsible for that?

Being unaware of an answer to this question and being acutely aware of the exis-

tence of global warming, I will risk a hope: at some time in the future, all the emis-

sions into the atmosphere would be forbidden as a criminal violation of the human 

right to breathe. Zero emissions technology is unavoidable.

10.2 ON THE FATE OF A MECHANICAL ENGINEER
(LECTURE AT DUBLIN INSTITUTE OF TECHNOLOGY, 
OCTOBER 30, 2003) BY PROFESSOR DR. E. YANTOVSKY

When I was in Ireland for the first time, the income per capita in the country was 

modest, less than in major European countries. Now in 2003, I’m privileged to speak 

in the richest country of Europe. It does not mean that you are especially industrious. 

Russians are industrious, too. It means you have a clever government.

* For update, see modern political statements in Preface and Concluding Remarks.
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One of discoverers of social laws (perhaps, Nortcott Parkinson, but I’m not sure) 

stated: the stupidity of a government is directly proportional to the size of the coun-

try. Accordingly, when a country is small, the government is clever.

LECTURER OR MOVIE

I wish to start from an event in Moscow University about half a century ago. At that 

time, eminent professors mostly were not willing to give general lectures for new-

comers and freshmen. Only few did it. Bigger auditoriums were provided for them, 

from a capacity of twenty to a hundred then to five hundred students. Eventually, 

students could not see and hear the lecturer.

One brilliant chap came up with an idea: to record the better lecturers on movie 

film and show the movies in dark rooms. At first, all the people were happy with the 

idea. The minister was happy due to salary saving because a movie operator earned 

much less than a professor. Students were happy because to sleep in a dark room or 

to kiss a girl in a dark room was much more convenient than in the light. But the 

idea was not implemented. Why not? Who objected? Wise professors. For every 

wise lecturer, it is absolutely necessary to see the attentive eyes of students and hear 

the questions of curious boys and girls. I underline curious. I’m sure you know the 

proverb curiosity will kill the cat. But I think: not the student. Curious students will 

change the world.

CURIOUS YOUNG PEOPLE

Let us recall some curious young people, who studied mechanical engineering or 

closely related disciplines. One was the son of a hydraulic engineer, who told his 

son about water wheels of ancient times and water turbines, where falling water pro-

duced much work. The power that could be produced was the product of the height 

of the dam and the water flow rate.

The curious son thought about heat engines. He understood that the height of water 

was similar to the height of mercury in a glass thermometer. It was more difficult to 

find the analogy for the water flow rate. He accepted the idea of a weightless fluid: 

caloric. The product of caloric flow rate and temperature difference was the power of a 

heat engine. A little later, he recognized that the efficiency of an ideal heat engine was 

the ratio of this power to the product of caloric flow rate and absolute temperature.

In his subsequent thesis, Reflections On the Moving Force of Fire in 1824, the 

only book published by him, classical thermodynamics was founded. He died from 

cholera in 1832 and all his things were incinerated, but luckily, his brother saved his 

notebook with lots of important thoughts.

The name of this man, best known in mechanical engineering, was Sadi Carnot. 

His eminent father, Lazar Carnot, was a well-known person in France in Napoleonic 

times, a minister during the notorious 100 days. The grandson of Sadi Carnot, also 

Sadi, was the President of France at the end of the nineteenth century.

Another curious boy studied mechanical engineering at Zurich Polytechnic 

Institute. But long before that, while still a teenager in his school years, in spite of a 

modest mark in physics, he thought about what a mirror reflected, when the mirror 
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moved with a speed greater than the well-known speed of electromagnetic waves, 

the speed of light. If the mirror was faster, it should reflect the image of our grand-

grandparents and old events, too. It was so fantastic and interesting! Twelve years 

later, in 1905, he had a job as a patent clerk in Bern, examining inventions, mostly in 

mechanical engineering. By that time, he understood that to overtake light is impos-

sible and published a paper, To Electrodynamics of Moving Bodies. It was the foun-

dation of relativistic mechanics. The name of this curious boy was Albert Einstein.

Why only boys? There are curious girls, too. One wonderful girl was a housemaid 

and then a teacher in a family and fell in love with the eldest son. They intended to 

get married, but the parents of the boy were against it and, in a sad mood, she left her 

native city and went to Paris. There, she entered the university and got married to a 

young professor. It was fantastically interesting to search for the physical reason of 

radiation. No one physical change affected that radiation. She separated a very small 

part from many tons of raw materials and discovered that an unknown element, 

radium, was responsible for the radiation. Her name was Maria Sklodovska, later 

Madame Curie. Her discovery paved the way for nuclear power, bombs, etc. That is 

why I suggest young girls should be allowed to get married in the university of their 

native city, without going to Paris.

A list of great mechanical engineers would include such names as:

James Watt — steam piston engine

Charles Parsons — steam turbine

Rudolf Diesel — piston engine with ignition from compression

Wright Brothers — aircraft in 1903

Sergey Koroliov — space rocket in 1957

S. KOROLIOV

I’m sure the first four names are familiar to you and your teachers. The fifth is much 

less known. The fate of this mechanical engineer was as tragic as it was brilliant; it 

deserves more details to be described.

Sergey Koroliov was born in 1906, graduated from Moscow High Technical 

School in Aircraft Mechanical Engineering in 1930, and in the daytime, worked in 

a design bureau. All his evenings and holidays were devoted to the study of rocket 

flight and to the construction and testing of liquid-fuel rockets.

His group was entitled Group of Research of Rocket Flight. Some sceptics called 

it Group of Engineers Working for Nothing.

In 1933, his rocket reached 600 m of altitude. In 1938, the Rocket Research Institute 

was established, based on this group. In the same year, due to Stalin’s purge, the mili-

tary marshal who founded the institute was executed. The institute was closed with a 

clear sentence for its staff: over 40 years of age: to death; less than 40 of age: to work 

in a lead mine. Koroliov was less than 40 and was sent to work in the lead mine, where 

nobody could survive more than one year. His mother asked the eminent pilot, Gromov 

(who flew over the North Pole to the U.S.A. from Moscow in 1937), for help. He asked 

the prime minister to do something and the work at the lead mine for Koroliov was 

replaced by work in custody in a design bureau. Many excellent engineers worked 
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there compulsorily, living behind bars and without contact with their families and 

friends. This continued for 10 years. In 1948, Koroliov was released, commissioned 

in the uniform of colonel, and sent to look at the German Rocket Centre of Verner von 

Braun at Peenemünde in Germany. He was then given full governmental support to 

create a very big design bureau and a factory with powerful manufacturing capacity. 

The bureau designed big ballistic rockets, which in 1957, launched the first satellite, 

Sputnik, and in 1961, sent the first man into space (Gagarin).

Till his death in 1966 from an improper surgical operation, Sergey Koroliov was 

absolutely unknown in the world. His work had been top secret. In his time, Koroliov 

had orchestrated the work of about 100,000 people at his bureau and factory and at 

lots of other research institutes. He had the title chief constructor. The Nobel Prize 

for the first satellite was never awarded to Koroliov. I was privileged to have had a 

talk with him before his great successes.

ABOUT MYSELF

My fate is absolutely incomparable with the above-mentioned ones. In general, I was 

unsuccessful. A good beginning was followed by very small results. But my fate 

might be a useful negative example for education of modern curious boys and girls.

I was born in 1929 in Kharkov, Ukraine, a big city with a great industrial and 

scientific infrastructure. My first love was aviation. In 1951, I had been through 

Kharkov Aviation Institute where I trained as a mechanical engineer for aircraft 

construction. In the local aero club, I piloted a small plane. In total, my flight time 

was 120 hours, during 80 hours of which I piloted myself alone or with a passenger. 

I made all the figures of high pilotage.

My diploma project was a self-guided cruise missile, a small unmanned plane 

with infrared eyes that directed the missile to the hot spot in the sky created by the 

jets of the enemy’s aircraft. The eyes themselves were beyond my scope: they were 

taken from German missiles.

After our diploma project examinations (known as defending ceremonies), two of 

my friends with similar projects and I were recommended to work for Koroliov by 

our professor, a close friend of Koroliov’s from his period in custody. Koroliov com-

plimented us on our projects, but turned us down. He told us, “I am not so powerful 

as to be able to call off your commissioning by the Ministry.” This was in the sum-

mer of 1951, long before the first satellite and the Gagarin flight. So I was obliged, 

according to my commissioning, to go to the city of Taganrog at the Azov Sea to a 

mill or factory, which was manufacturing big anti-submarine flying boats, where I 

worked as a technologist.

As is true for all first loves, my love of aviation ended, but has remained in my 

memory forever. Very occasionally, I was invited to work in a big electromechanical 

mill, producing electrical machines of medium and big sizes. In a design bureau of 

the mill, there were many excellent engineers who were knowledgeable about mag-

netic fluxes and electrical currents, but were unaware of how to perform calculations 

relating to heat and airflows. They needed a mechanical engineer for this work. The 

journal bearings of big machines, where shafts were rotating in oil, were within my 

scope as well.
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I devised an algorithm to calculate heat flow in asynchronous motors of the closed 

type. Today, it would be called a computer program, but at that time, our computer 

was a logarithmic lineal (a slide rule) only.

I remember a problem with the thrust bearing of a big machine with a vertical 

rotor, which was driving a water pump for irrigation. As usual, it was of the Mitchell 

type with six tilting pads.

They were to bear the thrust force. The usual cylindrical journal bearings carried 

radial forces. I decided to replace the two bearings with one spherical bearing in an 

oil bath, which could catch the axial and radial forces together. I prepared the draw-

ings. My boss, who was the head of the design group and an experienced engineer, 

was flatly against this innovation as it had not been proven beforehand.

The work was his responsibility and he was quite justified in his doubts. 

But he did not know any foreign languages (as was the case for the majority 

of Russian engineers at that time) and I showed him a picture from a German 

magazine with something spherical in it and assured him that it was a bearing. 

Allowing a spherical bearing to be used was a big risk to my boss, but he took 

that risk because of my encouragement. Showing him a magazine picture that 

was not a bearing was a bluff on my part, but I was too young and too curious. 

Many machines were built with my spherical bearings. Subsequently, I saw some 

of them working on site.

In 1959, I was commissioned to go to the city of Norilsk, at 69 degrees latitude, in 

the tundra. It was only three years after the closing of the most terrible concentration 

camps of the gulag system. Many traces remained, but the city itself was surprisingly 

beautiful, some parts were like St. Petersburg.

There had been damage to a big direct-current generator, which supplied an elec-

trolytic bath for producing pure nickel. The machine was overheating. I installed a 

new fan beneath its collector and put it in order. That was in March. Our car from 

the city to the airport was driving in a canyon between ten-meter-height walls of 

dense snow. If there had been a snowfall, the car might have been fully covered and 

stopped. Luckily, this was not the case.

MAGNETOHYDRODYNAMIC (MHD) GENERATORS

Most important for my career was an idea I had in 1955, when nightly I tested a 

closed-type asynchronous motor, measuring the temperature of its squirrel-gage type 

rotor. I had seen temperatures of 500°C, where the melting point was 710°C. Let it melt 

… what would happen? In liquid metal, the conductivity is the same as in solid metal, 

which meant the currents and forces would be the same, but liquid could flow!

This meant that an electromagnetic pump was possible. Soon, I had found a patent 

of 1929 by L. Szilard and A. Einstein concerning such pumps. Then, I learned about 

the use of such pumps in some nuclear reactors (fast breeders with sodium cooling).

If a pump (analogous to a motor) was possible, a generator (analogous to a tur-

bine) was possible, too. Had we been able to have enough conductivity in a gas (by 

converting it into a plasma state), such a generator might replace a gas turbine. The 

weak point of the latter is the vulnerability of its blades in high-temperature gas flow. 

But for a magnetic field, a high-temperature flow is not detrimental. In the same year, 
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1955, was published the crucial observation by A. Kantrovitz and E. Resler on the 

extremely high electrical conductivity of inert gases, like argon, in a shock wave. 

They explained it was caused by the evaporation of the shock tube’s metal walls and 

the low ionization potential of metal vapors.

In a handbook, I had found some metals that had the smallest ionization poten-

tials (cesium and potassium) and had evaluated the conductivity of mixtures like 

argon or neon (which had the smallest collision cross-section with electrons) with 

small additions of cesium or potassium. The conductivity was enough for the strong 

interaction of a magnetic field with such flowing gases. I got a Russian Author’s 

Certificate (analogous to a western patent), dated 1959, for the best working sub-

stance for magnetogasdynamic machines and some alternating current magnetohy-

drodynamic (MHD) generators. In the same year, a paper by A. Kantrovitz appeared 

concerning a test of a direct current MHD generator in the company AVCO-Everette 

in the United States. Luckily, in the same year, a research institute was established 

at the Kharkov mill. The MHD laboratory started there in 1959 and I headed it over 

the next 10 years. The laboratory still exists today and is active in the area of applied 

magnetohydrodynamics.

Very soon in this laboratory, we had made and installed our test rigs with a 5-ton 

magnetic system and a 1000 kW plasmatron to create plasma flows at 4000 K. 

In 1961, we demonstrated a small bulb energized by plasma flow in a magnetic 

field. Over some years, we developed the design of a utility scale MHD generator 

with high voltage generation. In Moscow, a very rich and powerful Institute of High 

Temperature had built a full pilot power plant with an MHD generator of 20 MW. In 

the media, the plant was described as a “Power Plant of the year 2000.” This proto-

type magnetohydrodynamic generator could operate for no more than half an hour 

before damage to the flow channel became excessive. Unfortunately for us, the engi-

neering problems of MHD channel construction turned out to be insurmountable. 

Nobody in the world could create a stable channel for plasma flow with electrical 

arcs near electrodes. All such research around the world, including that in the U.S.A. 

and in the U.K., was cancelled.

Another conducting fluid, molten metal, was less demanding. When S. Koroliov 

decided to start a project for a manned Martian mission in 1961, I got an order to 

build a liquid metal MHD generator of alternating current to convert nuclear energy 

of a small fast breeder reactor into electricity for the electrical thrusters. The work-

ing substance was to be a mixture of sodium and potassium at a temperature of 

600ºC, with a design life of some years. We in the MHD laboratory (I. Tolmach, 

L. Dronnik, and I) designed, built, and tested in a vacuum chamber such a 5-kW 

generator operating at 600°C, working for some hours. The chief engineer of the 

Baikonur Rocket Cosmodrome took this machine in his hands and assured us that it 

was light enough. However, the Martian mission was postponed for a long time. In 

1966, S. Koroliov passed away. In 1991, Communism in Russia passed away and our 

really fantastic machine was used for spin-off technologies.
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HEAT PUMPS

In 1970, I moved to Moscow to work for a leading institute in energy engineering, 

named after Krjijanovski. There, I got a full doctorate degree. I had to analyze new 

energy technology, including renewable and thermonuclear options. In 1974, I was 

invited to the Institute for Industrial Energetics to head the Heat Pump Laboratory.

There were millions of heat pumps in operation in the world at that time, espe-

cially in Japan, but not one in the Soviet Union. I understood that for economical 

attractiveness, a suitable low-grade heat source was of primary importance. We had 

found such a source with a temperature in January of 15°C. This was a clean water 

stream from Moscow’s Aeration stations.

We intended to replace some old inefficient, air-polluting boiler houses with heat 

pumps, but the capacity of heat pumps would have to be increased from 1 to 3 kW 

to 10 to 30 MW. We organized an international workshop in April 1978, where there 

were ten attendees from major European countries. There, I delivered our detailed 

calculations concerning such heat pump stations (HPSs) using water flows as the low-

grade heat source. Some years afterward, such HPSs were widely built in Sweden 

and gave huge economic benefits. They replaced oil-fired heating with heating pro-

vided from cheap hydropower electricity with three times more thermal kilowatts 

than the consumed electrical kilowatts. In the Soviet Union, we were able to build 

two HPSs of 3 MW each, both in Krimea, near Yalta, using water from the Black 

Sea, which had a temperature of 10°C in winter.

EXERGONOMICS

I had realized the benefit of the exergy concept for heat pumps and started to exam-

ine the exergy concept for power systems. In 1989, I was granted a professorship in 

Energy Systems and Complexes by the State Attestation Committee. At that time, I 

worked in the Institute for Energy Research of the Russian Academy of Sciences. In 

such institutes, there are no students; there is only research. I asked some authorities 

what I should do as a professor. They told me, “You should lecture to university lec-

turers.” I developed a course “Physical Background of Energy Engineering,” where 

the exergy current vector played a major role, and started to lecture at a big seminar 

for university lecturers. At the first lecture, I saw about 100 listeners; at the second 

30; at the third 10.

I asked an experienced colleague what was the reason for such a decline. He 

explained: “They prefer to teach. It is much easier than to learn. When learning, you 

need to hear and understand; when teaching, you only need to speak.”

While I was visiting Duke University in the U.S.A., I found the book by Frederick 

Soddy entitled Wealth, Virtual Wealth, and Debts, of 1926, and learned his life story. 

He tried to replace money in the evaluation of goods and services by a physical 

quantity: content of energy. I thought, “Energy is conserved in insulated flow and 

cannot be destroyed; exergy is better.” But in Soddy’s time, the exergy concept was 

not understood. In 1994, I published a book Energy and Exergy Currents (introduc-

tion in Exergonomics) in the U.S.A. I intended to make a mirror image of economic 

calculations of energy projects with the replacement of monetary value by exergy. 

For decision makers, the most interesting approach might be optimization in the 
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three-dimensional frame exergy-money-pollution (Pareto optimization), which was 

published in 2000.

ZERO EMISSIONS TECHNOLOGY

Over the last decades, I have tried to select the best way forward for energy supply. 

I was aware of the weak point of nuclear power long before our terroristic era. The 

Tchernobyl disaster confirmed my fear.

Having looked at all renewables like solar, wind, and ocean, I understood that 

they are good in some places but, even taken together, could not meet the world 

demand over the next hundred years. The use of fossil fuel continues to be the only 

realistic option. Evidently, the forecast of the Club of Rome in 1972 that worldwide 

oil extraction would peak in 1995 and then fall off was wrong. All current forecasts 

suggest a linear increase in the use of fossil fuels, especially for natural gas. The 

only real problem of fuel use is the release (emission) of carbon dioxide, causing 

global warming.

After many years of controversies, global warming is now an evident reality as 

evidenced by floods and droughts. After understanding what the problem is, the next 

question should be what is the solution? I decided to spend the rest of my life searching 

for the answer. In 1991, I was privileged to give a lecture at the World Clean Energy 

Conference in Geneva, The Thermodynamics of Fuel-Fired Power Plants Without 
Exhaust Gases. I discussed some new schemes with air separation at the inlet, com-

bustion of gaseous fuel in a mixture of oxygen and steam, triple-stage steam turbine 

expansion, water recirculation, and carbon dioxide separation and sequestering. Five 

years later, persons who had been part of a group of U.S.-based German rocket engi-

neers patented such a scheme. They set up Clean Energy Systems, Inc. in Sacramento, 

U.S.A. Now, they are preparing to demonstrate a small unit of this type.

A crucial problem of such power units, which belong to zero emissions technol-

ogy, is the production of oxygen. I have performed calculations for many such power 

cycles with three groups of co-workers. A significant weakness of the concept is the 

requirement for an air separation unit of the cryogenic type. This method of air sepa-

ration is a mature technology, but is rather expensive in energy and cost.

Quite recently, I and my colleagues J. Gorski, B. Smyth, and J. ten Elshof devel-

oped a new possibility: the use of ion transport membranes for oxygen production. 

The new cycle is entitled ZEITMOP. A paper on this was published at the ECOS 2002 

Conference in Berlin and at the Carbon Sequestration Conference, in Washington, 

U.S.A. This cycle is very promising: its further elaboration and associated experi-

ments on combustion inside a membrane tube would seem to be a suitable subject for 

research at an institute such as the DIT.

EMIGRATION

Since 1990, I have often been invited to lecture in the U.S.A. and Europe (MIT, 

Tennessee Tech, Miami University, Florida University, Duke University, Vesteros, 

Trondheim, Nancy, Utrecht University). I have spoken mainly on exergonomics and 

zero emissions power.
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In 1994, my institute in Moscow was in a critical state due to the lack of money to 

pay salaries. A rumor about me arose: that I was swimming in dollars and that with 

earnings from abroad, I might live without salary. I was forced to apply for a vacation. 

I could not wait further and emigrated to Germany with my wife in April 1995. In 

Germany, I feel quite comfortable with a small pension. Sometimes, I work as a visit-

ing professor (Liege University, 1997–1998).

I will conclude now. From my modest practice of education, I have learned: a stu-

dent is not a jug, which should be filled, but a torch, which should be ignited. My dear 

colleagues, future mechanical engineers, or future engineers of other disciplines, I 

have done my best to ignite you. Don’t be too wet!
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11 Concluding Remarks

After considering many zero emission power cycles, one may ask whether it is pos-

sible to reach the ultimate goal, to create in some future the zero emissions city, using 

ZEPP as the main element. No one stack or exhaust pipe in the atmosphere should 

exist in such a city.

Continuing the line, “to ban emissions,” we have to keep in mind all four sources 

of emissions: power generation, fleet vehicles, heating of dwellings, and industry 

(metal, cement, refinery). The last one needs to introduce some special changes, in 

particular technologies, which is beyond the scope of this book. We wish to indicate 

what could be done in cities with the first three sources, when a city is free of nearby 

heavy industry.

The political sector will be in favor of ZEPP (Carbon Capture and Sequestration 

CCS), which is now being urged by high ranking bodies, as in the U.K. For 

example:

The Environmental Audit Committee, an influential parliamentary body, has 
published a report that strongly urges the UK government to set a deadline for 
all coal fired power stations be equipped with carbon capture and storage tech-
nology or face closure  A group of leading British scientists  have urged the 
U.K. government, in an open letter, to deploy CCS technology as quickly as pos-
sible, warning that unless it acts with urgency, it risk losing a world lead in car-
bon capture technology to other countries, such as Canada and Germany, (PEi 
6/2008, p.5.)

The most important element of the system is ZEPP, described in Chapters 2-6. 

The ZEMPES is described in Chapter 7. The electrical car is now presented in many 

papers. One of the best examples is the Mercedes-A-klass with ZEBRA batteries; it 

has a range of 240 km and achieves 50 km/hours in 4 sec at the start.

For the heating of dwellings without emissions there exist two well-known pos-

sibilities: cogeneration of ZEPP (with hot water pipe to dwelling) and heat pumps, 

using low grade heat from air, sea water or ground. A good example is the heat pump 

station of 180 MWth in Stockholm, which uses low grade heat from the Baltic Sea 

with a temperature of 2°C in the winter.

In some distant future, when not only fuel deficiency, but also oxygen depletion 

in the atmosphere, could create problems, the oxy-fuel ZEPP might be replaced by 

SOFT cycle.

This cycle converts solar energy by photosynthesis in macroalgae with combus-

tion of produced organic matter in oxy-fuel ZEPP (Chapter 8). It is free of any natural 

restrictions as it uses neither fossil, nuclear fuel, oxygen, nor much land. The SOFT 

cycle really belongs to the noble family of renewable energy sources.
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A most important recent event is the start of 09.09.2008, the world’s first coal-

fired oxy-fuel ZEPP made of 30 MW by Vattenfall in Germany (Schwarze Pumpe). 

It will encourage many bigger projects.

The schematics of the zero emissions city is presented in the final figure of the 

book, Figure 11.1. It presents the ultimate goal of the creation of zero emissions 

power plants as unavoidable elements of the future sustainable development of 

mankind.

There have been some very exciting events occurring recently in Europe. The 

European Commission Industry scientists have united to form the European 

Technology Platform for Zero Emissions Fossil Fuel Power Plants (ETP-ZEP) with 

the goal to enable fossil fuel power plants to have zero CO2 emissions by 2020. The 

world’s first coal-fired pilot plant of 30 MW by Vattenfall, which was mentioned in 

the book, was successfully commissioned in September 2008. The great coal-fired 

power plant Niederaussem by RWE got started with its first use of seaweed-algae 

to convert CO2 into biomasse by photosynthesis, with an attempt to form a closed 

cycle zero emissions process, as mentioned in Chapter 8. With regard to renew-

ables, Germany is a good example to the rest of the world when it comes to ZEPP 

development.

Oxyfuel ZEPP

ZEMPES

Power

Fuel

Fuel

Electric
vehicle

CO2

Low grade heat

Heat
pump

OXY FUEL ZERO
EMISSIONURBAN
SYSTEM(OFZEUS)

CO2

Gasoline
filling

-

FIGURE 11.1 Schematics of the energy supply CCS system of a zero emissions city.
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