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An Introduction to Combined Heat and Power

Much of the electricity that is generated on our planet is produced using
heat engines that convert heat into electrical power. The heat for these
heat engines comes from a variety of sources. Most is produced through
the combustion of fossil fuels in steam plants, gas turbines plants, and
reciprocating engines. Energy in nuclear power plants is also released in
the form of heat which is used to drive a heat engine, usually a steam
turbine, while biomass is often burned, too, to release heat.

The production of electricity in these plants from coal, oil, gas, and
biomass is an inefficient process. While some modern combustion plants
can achieve 60% energy conversion efficiency, most operate closer to 30%
and smaller or older units may reach only 20%. The USA, which has a
typical developed-world mix of fossil fuel based combustion plants,
achieves an average fuel-to-end-user power plant efficiency of 33%, a level
that has barely shifted for the past 30 years. Other countries would proba-
bly struggle to reach even this level of efficiency. Nuclear power plants
are relatively inefficient too, with typical efficiencies of around 33%.

Putting this another way, between 40% and more than 80% of all
the energy released in thermal power plants is wasted. The wasted
energy emerges as heat which is dumped in one way or another.
Sometimes, it ends up in cooling water which has passed through a
power plant and then returned to a river or the sea, but most often it is
dissipated into the atmosphere through a heat-exchanger. This heat
can be considered a form of pollution.

Efficiency improvements can clearly curtail a part of this loss. A
plant that has an efficiency of 60% will dump 40% less heat than a
power station that achieves only 30% fuel-to-electrical efficiency. But
even with the most efficient energy conversion system, a significant
loss of energy is inevitable. Neither thermodynamic nor electrochemi-
cal energy conversion processes can operate even theoretically at any-
where near 100% efficiency and practical conversion efficiencies are
always below the theoretical limit. So while technological advances
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2 Combined Heat and Power

may improve conversion efficiencies, a considerable amount of energy
will always be wasted.

While this energy cannot be utilized to generate electricity, it can
still be employed. Low grade heat can be used to produce hot water or
for space heating,' while higher grade heat will generate steam which
can be exploited by some industrial processes. In this way, the waste
heat from power generation can replace heat or steam produced from
a high value energy source such as gas, oil, or even electricity. This
represents a significant improvement in overall energy efficiency.

Systems which utilize waste heat in this way are called combined heat
and power or CHP systems. The term cogeneration is often used too
while district heating and cooling (DHC) uses essentially the same tech-
nologies. Such systems can operate with an energy efficiency of up to
90% when heat usage is taken into account. This represents a major sav-
ing in fuel cost and in overall environmental degradation. Yet while the
benefits are widely recognized, the implementation of CHP remains low.

Part of the problem lies in the historical and widespread preference
for large central power stations to generate electricity. Large plants are
efficient, and they are normally built close to the main transmission
system so that power can be delivered into the network easily. They
may also be sited close to a source of fuel. This will often mean that
they are far from consumers that can make use of their waste heat.

If central power plants are built in or near cities and towns then
they can supply heat as well as power by using their waste heat in dis-
trict heating systems. Municipal utilities in some European and US cit-
ies have in the past built power plants within the cities they serve in
order to exploit this market for heat as well as power but it is not an
approach that has been widely adopted and environmental considera-
tions makes building large power plants in cities more difficult today.
There are also many examples of power plants being built close to
industrial centers such that they can provide high grade steam for
industrial use. In the main, however, large fossil fuel power plants sim-
ply waste a large part of the energy they release from the fuel.

District heating is a CHP application that is particularly important
because there is a market for office and domestic heating in cities

"Heat can also be used to drive chillers and cooling systems. These are not considered separately
here.
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Table 1.1 District Heating Penetration by Nation

Country Penetration (%)
Iceland 95
Denmark 60
Estonia 52
Poland 52
Sweden 50
Czech Republic 49
Finland 49
Slovakia 40
Germany 22
Hungary 16
Austria 12.5
Netherlands 3
United Kingdom 2
Source: Wikipedia®

across the globe. In spite of this, uptake is patchy. Table 1.1 shows
penetration figures for the beginning of the 2Ist century in some
European countries. As the figures show, levels range from 95% in
Iceland, where geothermal heating is widely used, to 2% in the United
Kingdom where there is no tradition of using district heating in towns
or cities. Elsewhere, there is limited use of district heating in the USA
and in Japan, and it is used sparingly in parts of China. Greater
uptake, as more and more people move to cities, could lead to signifi-
cant energy savings across the globe.

At a smaller scale, the situation is slightly better. At the distributed
generation level, in particular, where power is generated either for pri-
vate use of to feed into the distribution level of a power supply net-
work, it is much easier to find local sources of heat demand that can
be met at the same time as power is generated. This means that there
are greater opportunities to achieve higher energy efficiency. Again,
however, adoption of CHP technology is patchy.

In an energy-constrained and environmentally stressed world,
energy efficiency represents one of the best ways of cutting energy use
and reducing atmospheric emissions. The German government has

Zhttps:/fen.wikipedia.org/wiki/District_heating.
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estimated that 50% of its electricity could be supplied through CHP
systems. There are economic advantages too that make greater use of
CHP an extremely attractive proposition. In spite of these arguments,
growth in the use of CHP has been painfully slow and it remains a
major challenge for the electricity industry to achieve higher energy
efficiency through the use of CHP.

The International Energy Agency has estimated that the adoption
of CHP when new power generating capacity is built could reduce car-
bon dioxide emissions significantly. In a report published in 2008 it
suggested that CHP could reduce emissions from new generation by
around 4% in 7 years and roughly 10% in 22 years, as well as reducing
the investment needed in the power sector by 7% over 25 years. In the
second decade of the 21st century the proportion of total electricity
generation associated with CHP plants is around 9%, a level that has
remained static for several years.

THE HISTORY OF COMBINED HEAT AND POWER

The concept of CHP generation is not new. Indeed, the potential for
combining the generation of electricity with the generation of heat was
recognized early in the development of the electricity generating indus-
try. In the USA, for example, at the end of the 19th century city
authorities used heat from the plants they had built to provide electric-
ity for urban lighting to supply hot water and space heating for homes
and offices too. Steam can still be seen rising from manhole covers in
some US cities, although the use of the technology has declined in
recent years. These district heating schemes, as they became known,
were soon being replicated in other parts of the world.

In the United Kingdom, around that time, a small number of engi-
neers saw in this a vision of the future. Unfortunately their vision was
not shared and uptake was slow. It was not until 1911 in the United
Kingdom that a district heating scheme of any significance, in
Manchester city center, was developed.’ Fuel shortages after World
War I, followed by the Great Depression made district heating more

3Combined Heat and Power in Britain, Stewart Russell in The Combined Generation of Heat
and Power in Great Britain and the Netherlands: Histories of Success and Failure R1994: 29
(Stockholm: NUTEK, 1994).
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attractive as electricity generation expanded in Europe during the
1920s and 1930s. Even here, however, take up was patchy.
Nevertheless by the early 1950s district heating systems had become
established in some cities in the USA, in European countries such as
Germany and Russia, and in Scandinavia. In other countries like the
United Kingdom, there was never any great enthusiasm for CHP and
it gained few converts though a number of schemes were built after the
Second World War as regions devastated by bombing were rebuilt.

This pattern of patchy exploitation has continued and the situa-
tion is complicated by the fact that it is almost impossible, economi-
cally, to build district heating infrastructure in modern cities that
lack it. The centralization of the electricity supply industry must take
some blame for this lack of implementation. Where a municipality
owns its own power generating facility it can easily make a case on
economic grounds for developing a district heating system. But when
power generation is controlled by a centralized, often national body,
the harnessing of small power plants to district heating networks can
be seen as hampering the development of an efficient national elec-
tricity system based on large, central power stations—unless, that is,
the CHP approach is already a part of the philosophy of the
national utility.

Power industry structure is not the only factor. Culture and climate
are also significant. So, while countries such as the United Kingdom
failed to make significant investment in district heating, Finland
invested heavily. Over 90% of the buildings in its major cities are
linked to district heating systems and over 25% of the country's elec-
tricity is generated in district heating plants. Many Russian cities, too,
have district heating systems with heat generated from large local
power stations. Even some nuclear power plants in Russia are har-
nessed in this way.

District heating was—and remains—a natural adjunct of municipal
power plant development. But by the early 1950s, the idea was gaining
ground that a manufacturing plant, like a city, might take advantage
of CHP too. If a factory uses large quantities of both electricity and
heat, then installing its own power station allows it to control the cost
of electricity and to use the waste heat produced, to considerable eco-
nomic benefit. Paper mills and chemical factories are typical instances
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where the economics of such schemes are favorable and many such
plants operate their own CHP plants.*

While this idea slowly gained ground, technological advances during
the 1980s and 1990s made it possible for smaller factories, offices and
even housing developments to install CHP systems based around small
piston engine or gas turbine generating systems. In many cases, this was
aided by the deregulation of the power supply industry and the intro-
duction of legislation that allowed small producers to sell surplus power
to the local grid. Since the middles of the 1990s the concept of distrib-
uted generation has become popular and this has also encouraged CHP.

Legislation in some countries has also helped encourage industrial
and commercial CHP. In the USA, CHP district heating schemes were
on the wane by the 1970s but introduction of the Public Utility
Regulatory Policies Act in 1978 and the Energy Policy Act of 1992
both helped promote the use of CHP by mandating the sale of power
by consumers to utilities. Fig. 1.1 shows how this led to an increase in
the use of CHP from 1980 onwards so that by 2013, the electricity
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Figure 1.1 The growth of CHP in the USA between 1980 and 2013. Source: American Council for an Energy
Efficient Economy.

4Applications of this type are frequently designated cogeneration rather than combined heat and
power. The underlying premise is identical, however.
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generating capacity in the USA associated with CHP had increased to
just over 80,000 MW, from around 15,000 MW in 1980.

Recent concern for the environment now plays its part too. Pushing
energy efficiency from 30% to 70% or 80% more than halves the atmo-
spheric emissions from a power station on a per kWh basis. Thus CHP is
seen as a key emission control strategy for the 21st century. But while
environmentalists call for expanded use, actual growth has remained slow.

GLOBAL COMBINED HEAT AND POWER CAPACITY

CHP comes in many forms. These range from large industrial com-
plexes with dedicated CHP plants, through urban district heating sys-
tems based on local power stations to small commercial and domestic
systems that provide electricity, hot water and heating locally. This dis-
parate array of CHP sources means that data on CHP uptake is rarely
collated at a national level, making an estimate of total CHP usage
extremely difficult to assess.

According to figures from the Worldwatch Institute just over 8%
of the world's electricity generation includes cogeneration of one form
or another’; the IEA puts the figure at around 9%. Most of this
capacity, 80% according to the Worldwatch Institute, is associated
with energy intensive industries such as paper, chemicals, oil refining
and food processing. Most of the remainder is likely to be used to
produce heating and hot water. The global electricity generating
capacity in 2015 was 6400 GW according to the IEA. Using the IEA
figure for CHP penetration of 9%, this would suggest that the global
CHP capacity in 2015 was 576 GW.

A breakdown of the energy sources that contribute to global CHP
is shown in Table 1.2. According to the figures in the table, natural
gas was the most important fuel burnt in CHP plants, accounting for
53% of the total capacity across the world. Coal is the second most
important source with 36% followed by oil with 5%. Renewable
sources of energy that can be utilized in CHP are limited. There are
some geothermal power plants that generate electricity and provide

5One-twelfth of Global Electricity Comes from Combined Heat and Power Systems http://www.
worldwatch.org/node/5924.
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Table 1.2 Breakdown of Global CHP by Fuel

Fuel Global CHP Proportion
Natural gas 53

Coal 36

Oil 5

Renewable sources 6

Source: Worldwatch Institute’

Table 1.3 Combined Heat and Power Capacity in the European

Union, 2005—15

Year CHP Electrical Capacity (GW) CHP Heat Capacity (GW)
2005 101 n/a
2006 134° n/a
2007 98 n/a
2008 100 n/a
2009 101 295
2010 83° 266
2011 106 266
2012 111 285
2013 113 279
2014 119 286
2015 120 304
“This figure includes a spuriously high German capacity.
®Does not inc/udci capacity in Germany.

Source: Eurostat’

heat for district heating systems too. Biomass power plants are impor-
tant in industries such as wood and paper where waste is burnt to gen-
erate power. Municipal solid waste and landfill gas are also used to
provide CHP, although the absolute capacities are limited. Nuclear
CHP is not included in Table 1.2 but there is a small nuclear CHP
capacity in Russia and some Russian plants providing nuclear heating
in other countries that were part of the former Soviet Union.

The adoption of CHP and district heating in different nations
across the globe is uneven. Again according to the Worldwatch

One-twelfth of Global Electricity Comes from Combined Heat and Power Systems http:/www.
worldwatch.org/mode/5924.
"Eurostat Combined Heat and Power (CHP) data July 2017.
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Institute, the regions that uses CHP most heavily are Western and
Eastern Europe. In Western Europe, half of the CHP capacity is based
on district heating systems. According to Cogen Europe, there are
5000 district heating systems in Europe which, together, account
for 10% of the heating market.® The European Union (EU) is one
region that has attempted to quantify CHP. Table 1.3 shows
figures for the CHP capacity in the EU between 2005 and 2015.
During this period both the electrical capacity and the heating capacity
associated with CHP plants has risen. In 2005 there were 101 GW,, of
electrical generating capacity in CHP plants (heat output in not
recorded in the source for Table 1.3). This had risen to 106 GW, in
2011 and 120 GW, in 2015. Meanwhile heat capacity from CHP plants
rose from 295 WWy, in 2009 to 304 GWy, in 2015. Based on the global
estimate for CHP electrical capacity of 325 GW, above, the EU capac-
ity accounts for around 37% of the global total.

A more detailed breakdown of CHP electricity and heat production
for the 28 nations of the EU, plus Norway, are shown in Table 1.4.

Table 1.4 CHP Production in the European Union, 2015

Country CHP Electricity Production (GW h) CHP Heat Production (PJ)
Belgium 12.5 104.4
Bulgaria 2.9 31.9
Czech Republic 11.8 106.0
Denmark 11.6 93.3
Germany 78.8 699.9
Estonia 1.2 12.5
Ireland 2.1 12.6
Greece 2.0 10.9
Spain 227 120.3
France 13.9 155.0
Croatia 0.8 10.0
Ttaly 39.5 213.2
Cyprus 0 0.2
Latvia 0 12.4
Lithuania 2.5 12.4
Luxembourg 1.5 2.4
(Continued)

8http://www.cogeneurope.eu/district-heating_270.html.
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Table 1.4 (Continued)

Country CHP Electricity Production (GW h) CHP Heat Production (PJ)
Hungary 0.4 24.4
Malta 4.1 -
Netherlands - 189.6
Austria 9.0 105.9
Poland 26.5 238.6
Portugal 6.5 59.3
Romania 5.6 51.0
Slovenia 12 10.4
Slovakia 21.1 27.3
Finland 21.7 242.4
Sweden 13.7 151.4
United Kingdom 19.4 124.2
Norway 0.4 9.7
Source: Eurostat’

These figures from Eurostat show that Germany is the largest user
of CHP in the EU with 670 PJ of thermal production in 2015.
CHP electrical generating capacity in Germany (not shown in the
table) was 37 GW and electrical production from these plants was
78.8 GW h. Finland, Poland and Italy are also large heat producers
while the Netherlands has the second largest clectrical generating
capacity associated with CHP at 9 GW. Poland also has 9 GW of
CHP electrical generating capacity and produced 26.5 GW h of power
from these plants. At the other end of the scale, Cyprus has no CHP
and there are very limited capacities in Croatia, Slovenia, Greece,
Ireland, and Bulgaria. Further figures from Eurostat show that in
2015 the fuel breakdown for CHP in the EU comprised 44% natural
gas, 21% renewables, 18% solid fuels and peat, 13% other fuels, and
5% oil and oil products.'”

The USA has a relatively large installed base of CHP plants (see
Fig. 1.2). According to the US Department of Energy, there was
around 82.7 GW of CHP capacity at the end of 2014. Most of this
was located at more than 4400 industrial and commercial facilities
across the country and the aggregate accounted for 8% of US

“Eurostat Combined Heat and Power (CHP) data July 2017.
1R ounding error makes the sum of these sources 101%.
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Figure 1.2 CHP capacity in the USA, by state. Source: US Department of Energy.

generating capacity and 12% of US electricity production. Many of
the US plants are relatively large is size, with more than 85% of plants
over 50 MW in electrical generating capacity.''

Estimates of the CHP capacity in China vary widely. Worldwatch
institute has put it at around 28 GW while a presentation from the US
DOE has suggested more than double that figure. Most is coal-fired
and based on small power plants which are likely to be polluting an
inefficient. The Chinese government has been targeting such plants for
closure so the actual capacity could be lower than the US DOE esti-
mate.'” Against this, a recent directive is aimed at the expansion of
natural gas-fired cogeneration. Russia has historically maintained a
large CHP capacity, most of it used for district heating. However
much of this infrastructure is aging, dating back to the early days of
the Soviet era, so while there may be as much as 70 GW of capacity,
the amount that is fully operational is more difficult to gauge.

"One-twelfth of Global Electricity Comes from Combined Heat and Power Systems http:/www.
worldwatch.org/node/5924.

2Combined Heat and Power in China: Lessons on Technology Adoption, M. Evans, Pacific
Northwest National Laboratory, GTSP Technical Review Meeting, May 28, 2008.
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The Combined Heat and Power Resource:
Estimating the Potential

Combined heat and power (CHP) is a technology (or a range of tech-
nologies) not an energy source. Even so it can be quantified as if it
were a resource available to be exploited. Whenever fuel is consumed
to generate electrical power using a heat engine, waste heat will also be
produced. By looking at the amount of electricity that is produced
using this type of generation system, globally, it is possible to put a
maximum figure on the amount of heat energy that is potentially avail-
able from such power plants. Figures from the International Energy
Agency (IEA) show that in 2014, the world produced 23,816 TW h of
electrical power, 77.3% of which came from power plants that either
burnt fossil fuels or were reliant on heat from a nuclear reactor to pro-
duce electricity.' Assuming that these have a global average efficiency
of 33%, 36,820 TW h of heat energy was potentially released into the
environment from those power plants. This represents the upper limit
on the amount of energy that might have been available during that
year for CHP applications.

Of course, there are technical limits on the amount of this energy
that can be exploited, and some of it is already used. Furthermore, as
renewable sources of electricity provide more and more electricity, the
amount produced using heat engines will fall and so will the amount
waste heat available. Even so, it is likely that there will be a massive
amount of heat energy that could potentially be exploited, even by the
end of the 21st century.

The exploitation of this energy using CHP technology offers signifi-
cant benefits in all parts of the globe. These benefits are both economic
and environmental. Economically, the use of CHP leads to more effi-
cient use of fuel resources which in turn provides cheaper energy.

'Key World Energy Statistics, IEA, 2106.

Combined Heat and Power. DOI: https://doi.org/10.1016/B978-0-12-812908-1.00002-X
© 2018 Elsevier Ltd. All rights reserved.


https://doi.org/10.1016/B978-0-12-812908-1.00002-X

14 Combined Heat and Power

Analysis by the IEA suggests that growth in CHP markets can lead to
a small reduction in the end user cost of electricity, if the savings are
allocated in this way.” (As the IEA has pointed out, many other analy-
ses suggest that the use of CHP raises the cost of electricity to end
users.) Meanwhile, the better use of the heat released during power
generation can provide significant economic benefits to recipients of
that heat energy.

A further potential economic benefit is a reduction in the invest-
ment required in the power sector through the more efficient use of
existing heat and power generating capacity. Since CHP offers local
heat and power, the amount of centrally generated power required is
reduced, leading to lower investment in transmission and distribution
system expansion, while the use of local CHP plants lowers the overall
investment needed in central power stations. The IEA estimated that
promoting CHP could reduce the amount of power sector investment
required between 2005 and 2030 by 7%.

Perhaps more importantly, CHP offers major environmental advan-
tages, cutting greenhouse gas emissions and helping fight global warm-
ing. In the European Union, for example, it has been estimated that
CHP delivered 15% of greenhouse gas emission reductions achieved
between 1990 and 2005. If these gains were replicated across the globe,
significant progress would be achieved in the fight against carbon diox-
ide emissions.

Unfortunately, estimates also suggest that the amount of CHP, as a
proportion of total global electricity generation, is not advancing. As
noted in Chapter 1, estimating the amount of CHP in use across the
globe is difficult, but the most far reaching estimates carried out by the
IEA show that the level had stabilized at around 9% of total generat-
ing capacity towards the end of the first decade of the 21st century.

In order for this penetration level to increase, ways need to be
found of exploiting the remaining potential. The extent to which this is
possible depends on the demand for heating and cooling in each coun-
try and region (a waste heat source can be used for cooling as well as
heating). While this will vary, there is clearly more that can be done.
For example, five countries in the world have been able to expand

2Combined Heat and Power: Evaluating the benefits of greater global investment, International
Energy Agency, 2008.
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their CHP use to account for between 30% and 50% of total power
generating capacity. As the average quoted above suggests, most
nations exploit less than 10% of their generating capacity in this way.

GLOBAL CHP POTENTIAL

The most reliable recent estimate for the amount of CHP in use across
the globe is based on a survey by the IEA carried out during the first
decade of the 21Ist century.” This suggested that the percentage of
global electricity generation associated with CHP was around 9%. The
IEA concluded at the time that CHP penetration had stagnated at
around this figure. Meanwhile, its survey found that 37 nations exam-
ined in detail, including most of the major world economies, had an
aggregate electrical generating capacity from CHP plants of 333 GW
(see Table 2.1). In 2006, the global electrical generating capacity,
according to the World Energy Outlook 2008, was 4344 GW implying
that there would have been a total of around 390 GW of CHP in use
in the middle of the decade when this study was carried out. On this
basis, the nations in the survey accounted for around 85% of the global
total. Generating capacity in 2015 was 6400 GW, and if penetration
has remained the same, then this global capacity would indicate
576 GW of electrical generating capacity was linked to CHP plants.

The European Union as a region has traditionally been the largest
user of CHP. It had around 120,000 MW of electrical generating
capacity associated with CHP* in 2015. Within the region, the largest
national fleet is found in Germany which had 37 GW of electrical
capacity associated with CHP in 2015. This is significantly higher than
the 21 GW shown in Table 2.1 from the first decade of the century,
consistent with the continuing growth in CHP capacity implied above.
On the other hand, the USA is shown with nearly 85,000 MW of CHP
capacity in Table 2.1. This has barely changed in a decade. Other
important CHP users include Russia with 65,000 MW and China with
28,000 MW. (The capacity in Russia is probably unchanged since the
first decade of the century but that in China may well have increased
significantly.) India with 10,000 MW, Japan with 9000 MW, Taiwan

3While these figures are now old, there has been little change in the ensuing decade in some coun-
tries, including the USA. Penetration has increased significantly in others, such as Germany and
China.

“Eurostat Combined Heat and Power (CHP) data July 2017.
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Table 2.1 Estimated CHP Capacity for 37 Countries

Country CHP Capacity (MW) Country CHP Capacity (MW)
Australia 1864 Japan 8723
Austria 3250 Korea 4522
Belgium 1890 Latvia 590
Brazil 1316 Lithuania 1040
Bulgaria 1190 Mexico 2838
Canada 6765 Netherlands 7160
China 28,153 Poland 8310
Czech Republic 5200 Portugal 1080
Denmark 6600 Romania 5250
Estonia 1600 Russia 65,100
Finland 5830 Singapore 1602
France 6600 Slovakia 5410
Germany 20,840 Spain 6045
Greece 240 Sweden 3490
Hungary 2050 Taiwan 7378
India 10,012 Turkey 790
Indonesia 1203 United Kingdom 5400
Ireland 110 USA 84,707
Ttaly 5890

Some of the figures in this table contradict those in Table 1.4. The European Union figures in that table are
from 2015: ﬁgures in this table are from the first decade of the 21st century.

Source: IEA’

with 7000 MW, and the Netherlands with 7000 MW also make good
use of CHP.

The absolute CHP capacities presented in Table 2.1 do not tell
the whole story. When figures for the share of CHP in total genera-
tion are examined, the story is often one of lost opportunities. Of the
main global economies, only Russia has more than 30% (the actual
figure is 31%) of its generating capacity exploited for CHP.
Germany and China exploit around 12% each; all the remaining
large economies use less than 10%. There are nations that do better.
Denmark has around 50% (some reports claim 60%) of its generating
capacity associated with CHP, Finland has just under 40%, and
Latvia and the Netherlands around 30%. However, these are the

3Combined Heat and Power: Evaluating the benefits of greater global investment, International
Energy Agency, 2008.
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Table 2.2 Global Final Energy Consumption Breakdown

Energy Use OECD (%) World (%)
Heat 37 47
Electricity 21 17
Transport 32 27
Nonenergy use 10 9

Source: IEA°

exceptions. Nevertheless, these figures show that a much larger pro-
portion of generating capacity can be exploited for CHP that has
been achieved across most of the globe.

One way of assessing the unexploited potential is to assume, arbi-
trarily, that the figure from Denmark of 50% penetration represents an
upper limit on the amount of electrical generating capacity that can be
exploited for CHP. If this is applied to the IEA global generating
capacity figure of 6400 GW in 2015, it implies that globally there could
be 3200 GW of CHP capacity. This top-down approach is probably
extremely optimistic and will likely overestimate the actual potential.
The alternative is to start from the bottom and estimate the prospec-
tive heat demand in each country of region and then convert this into
potential CHP capacity. This is not easy, either.

One starting point is to look at what proportion of global energy
resources are used simply to produce heat each year. The results are
startling. Heat production is the largest consumer of energy resources
across the globe. Table 2.2 shows figures from the IEA breaking down
global final energy consumption by type. The figures show that across
the globe 47% of the energy resources consumed are used simply to
provide heat. In comparison, only 17% is used to generate electricity
while 27% is used for transport. Within the developed nations of the
Organization for Economic Cooperation and Development (OECD)
heat accounts for 37% of the final energy consumption somewhat
lower but still the largest single category.

The use of energy sources to produce heat directly can be further
subdivided. Again, based on IEA figures, industry is the largest single
consumer, accounting for 43% of the total globally and 44% in OECD

Cogeneration and Renewables: Solutions for a low-carbon energy future, IEA 2011.
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Table 2.3 Global CHP Potential for Selected Regions and

Countries

Country/Region Estimated CHP Potential (GW)
China 332
USA 150
EU 122
Russia 87
India 85
Japan 26
Canada 25
Brazil 15
South Africa 12
Mexico 7
Source: GE’

nations. Meanwhile the buildings sector, which aggregates the residen-
tial, commercial, and public services sectors, accounts for 50% of final
energy use globally and 52% within the OECD. A large proportion of
the residential component of this heat use is likely to be the use of tra-
ditional biomass for cooking. Outside the OECD, this practice
remains widespread. Even so, in principle, a large part of the buildings
sector heat could be supplied from CHP systems that produced elec-
tricity as well.

Clearly, then, there is a large demand for heat energy across the
globe. Converting this demand into quantitative figures for national
CHP potentials is not an easy task but efforts have been made, usually
at a national level as part of a climate change strategy. Table 2.3 pre-
sents one attempt to quantify the potential for a limited number of
nations where figures are available. As they show, it has been esti-
mated that the CHP potential in China is 332 GW, and in the USA,
the figure is 150 GW. For the EU, the estimate is 122 GW, a level that
has already been reached. In Russia there is estimated to be potential
for 87 GW of CHP while in India the figure is 85 GW. The other
countries listed include Japan with potential for 26 GW of CHP,

"Combined Heat & Power (CHP) US Market Overview, Daniel A Loero, GE. The figures are
drawn from the International Energy Agency and from the US Energy Information
Administration.
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Canada where the potential is 25 GW, Brazil with 15 GW, South
Africa with 12 GW and Mexico with 7 GW.

There are other figures and surveys which present a different pic-
ture. For example, according the European Commission Energy
Roadmap 2050, the share of electrical production from CHP was
expected to rise from 473 TW h in 2005 to around 1050 TW h in 2030,
before declining to 700 TW h in 2050 as renewable sources have a
larger impact. Meanwhile the IEA survey suggests that total CHP
potential in the EU ranges from 150 to 250 GW. In Japan, the poten-
tial in 2030 could be 29 GW.

Taking a broader approach, the IEA has also estimated that for a
group of nations it labels the G8 + 5,° the share of CHP in electricity
production could rise to 24% by 2030, from an estimated 11% at the
end of the first decade of the 21st century. For individual nations,
much depends on the local circumstances. For example Brazil gener-
ates much of its electrical power using hydropower plants which have
no potential for CHP.

While these and other analyses suggest that much more use could
be made of our energy resources if CHP was used intelligently and
more extensively, this is not a new conclusion. For several decades
now energy agencies and other organizations have been trying to pro-
mote the use of CHP as a way of improving energy efficiency and
energy economy. In most countries, the results of these efforts remain
limited.

8The G8 group of nations—Canada, France, Germany, Italy, Japan, the United Kingdom, USA,
Russia—plus five leading emerging economies, Brazil, China, India, Mexico, and South Africa.



Combined Heat and Power Principles
and Technologies

Combined heat and power (CHP) can be defined simply as the simul-
taneous use of electricity and heat from a single energy source. This
energy source may be a fossil fuel such as coal or natural gas, it can be
nuclear fuel or it might be a renewable fuel; geothermal energy, bio-
mass and solar thermal power can all potentially form the basis for a
CHP system.

Virtually, all CHP systems are based around the use of heat engines
to generate electrical power. The main exception is the fuel cell which
generates power electrochemically. Heat engines that are used for elec-
tricity generation include steam turbines, gas turbines and a variety of
reciprocating engines. All these engines can be understood in terms of
thermodynamic principles established during the 19th century, princi-
ples which underpinned their development. Since the beginning of the
20th century their use has grown so that today, between them, they
provide the largest part of the world's electricity.

Electricity and heat are both energy sources, but their properties are
different. Electricity can be delivered to every household and organiza-
tion in a nation because it is relatively easy to transport swiftly and
efficiently. In contrast, heat energy cannot conveniently and economi-
cally be transported with anywhere near the same ease. Although it is
possible to transport heat over long distances most heat is used locally,
close to the point at which it is generated. This dictates one of the key
elements of CHP system design. A fundamental principle for optimum
CHP efficiency is to identify a demand for heat and then design a plant
with a heat output to meet this demand. Electricity from the plant can,
in this sense, be considered as a valuable by-product.

When looking at CHP technology, it is useful to identify two differ-
ent types of CHP system. In the first, often called a topping cycle, the
fuel supplied to the system is used primarily to generate electricity

Combined Heat and Power. DOI: https://doi.org/10.1016/B978-0-12-812908-1.00003-1
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while the heat that is left after electrical power has been generated is
used in an ancillary application. Depending upon the type of generat-
ing system, the heat energy from the electricity generating system
might be high grade heat that is suitable for raising steam or for use
directly in an industrial process, or it might be lower grade heat that is
only suitable for space heating and hot water production.

The second type of CHP system is called a bottoming cycle. In this
type of system the fuel is used first to produce heat. The heat will nor-
mally be exploited in an industrial process that requires very high tem-
peratures or vast quantities of heat. Iron smelting is a typical example.
Any energy not used in the process is then used to generate electricity.
Bottoming cycle CHP is also called waste energy recovery or waste
heat recovery. The energy recovered for electricity generation may be
in the form of heat but it may also be combustible gases such as those
produced during iron production. Some electricity generating systems
can also exploit high pressure exhaust gases from a process, using the
pressure drop to drive an engine. Bottoming cycle CHP systems are
particularly attractive because they can provide electricity without the
need consume additional fuel.

COMBINED HEAT AND POWER APPLICATIONS

While, ideally, a CHP system is designed around the heat demand in a
particular location in many cases this is not how they evolve. Many
designs are compromises that balance economic considerations with
the optimum energy balance. The availability of off-the-shelf compo-
nents may also play a part in determining the final outline of a system.
In other cases the principle need may be for electricity and the use of
heat is a secondary consideration. Even so, it is always the heat
demand that will determine the location and outline of any CHP sys-
tem. For without heat demand, there can be no CHP.

There is a further, practical consideration when addressing CHP
development. The heat demand around which the CHP plant is con-
structed must be durable. So while CHP installations can range from
single home heat-and-electricity units to municipal power stations sup-
plying heat and power to a city, from paper mills burning their waste
to provide steam and heat to large chemical plants installing gas
turbine-based CHP facilities, they all share one theme. Ideally the heat
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and electricity from a CHP plant will be supplied to the same users.
While this is not an absolute requirement it is a pragmatic principle for
a successful CHP scheme.

If a heat and power plant is supplying both types of energy to the
same users, be they an industrial plant or households, then the econom-
ics of the plant will remain sound so long as the customers remain.
However, if a plant supplies electricity to one customer and heat to
another, its economic viability can be undermined by the loss of either.
Part of this risk is mitigated if a plant can export electricity directly into
the grid while selling its heat locally but in general the economics of
CHP will be most soundly based where the same customers take both.

Examples of how this can be achieved exist at all levels within the
electricity market from the smallest electricity consumer to the largest.
At the very bottom of the scale, many home owners buy electricity
from a utility and either use this directly as a heat source or purchase
natural gas to provide hot water and space heating. However, it is
now possible to install domestic CHP systems based on microturbines,
Stirling engines or fuel cells that will replace a domestic hot water
system and at the same time generate electricity for use by the house-
hold, with excess power perhaps being sold to the local utility.
While such systems remain costly, they are likely to become more
cost effective in time.

On a larger scale, a microturbine or a reciprocating engine burning
natural gas can be used to supply both electricity and heat to an office
building, a large block of apartments or a small commercial or indus-
trial enterprise. Such systems are widely available and can be installed
in urban environments with ease. The system may be connected in
such a way that excess power can be exported to the grid although the
sizing of such systems is normally based on heat demand; power
demand will often be higher than the system can supply alone but this
can be topped up from the grid.

At the top end of the capacity scale, a municipal power plant based
on a coal-fired boiler or a gas turbine can provide electricity for a city
and heat for that city's district heating system. New systems of this
type are difficult to install in existing cities but opportunities do arise
where major redevelopment takes place and new urban housing
schemes can be built with district heating too.
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In all these cases, the need to supply electricity is usually the pri-
mary driving force but the use of heat from the power generation facil-
ity improves the economics considerably. Similar opportunities exist in
industry but in many industrial cases the situation is reversed and it is
heat or steam that is the primary requirement with electricity produc-
tion a secondary consideration. However the same arguments apply.
There are many industrial processes that require a source of heat and
all industrial plants will use some electricity. Often, the two can be
combined to good economic effect once the benefits are recognized. So
where, in the past, a paper manufacturer would have installed a boiler
to supply heat while buying power from the grid, now the same manu-
facturer is more likely to install a CHP plant, often fired with waste
produced by the paper manufacturing process. Chemical plants often
require a supply of high grade heat too, as do some refineries. Food
processing plants may require large heat supplies as well.

Such instances represent the ideal but a good match of heat and
power demand is not always possible at this level. However, provided
the scale is large enough, such plants may be able to install a grid con-
nected power plant that exports electricity while using heat generated
from the same plant to supply its industrial needs. Alternatively, a
large CHP plant can be built to supply an industrial site supporting a
range of different industries, some with large heat requirements, others
with demand for electrical power.

Of all these applications, domestic heat consumption remains the
biggest challenge to the expansion of CHP. Where district heating net-
works exist, a good balance between domestic heat and electricity
demand is possible. When there is no district heating network, the
main options are either power stations meeting the electricity demand
only, or domestic CHP systems. The latter are the only solution for
many households but their installed base is still very small and cost is
high. If costs can be brought down then such systems offer a real
chance of a significant change in global energy usage.

CHP TECHNOLOGY

As already outlined, there are two types of CHP configuration to con-
sider when analyzing CHP systems, a topping cycle and a bottoming
cycle. A topping cycle takes its name from the fact that it the electricity
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Figure 3.1 Schematic of a CHP topping cycle. Source: US Energy Information Administration.

generating system that is the primary, or top, user of an energy source.
Other energy users in the system—in this case heat users—must make
do with what is left over. A typical topping cycle is illustrated in
Fig. 3.1. In this type of system, an electrical generating system such as a
gas turbine, reciprocating engine (or fuel cell) is used to generate elec-
tricity and then energy that is rejected by the generating system as waste
heat is captured and used to provide steam, process heat or for space
heating and hot water. In general, with this type of system the heat that
is available after power generation is relatively low grade. However, it is
possible to design systems of this type which can provide high grade
heat or steam by adjusting the overall balance between heat and power.

The second type of CHP configuration is the bottoming cycle. In
this case, the electricity generating system is last in line, or at the bot-
tom, and must make do with energy left after the primary heat user
has finished. In this configuration a fuel is used first to provide heat
for a furnace or industrial process. Heat energy that is vented or
exhausted from this process is then used in a heat engine based power
generation system to provide electricity. This is shown schematically in
Fig. 3.2. In order for a bottoming cycle to be economically viable the
heat energy that emerges from the industrial process must be of suffi-
cient quality to be able to heat a thermodynamic fluid and drive a tur-
bine. The latter will most often be a steam turbine. Where the heat
energy is at a relatively low temperature it may be possible to use an
organic Rankine cycle turbine which can convert lower grade heat into
electricity. There are also instance where the energy to be recovered in
a bottoming cycle system is in the form of combustible gas, such as
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Figure 3.2 Schematic of a CHP bottoming cycle. Source: US Energy Information Administration.

from a blast furnace, or as a high-pressure gas stream which can be
used to drive a gas turbine.

In addition, there are CHP systems that bridge the gap between the
two. A typical example would be an industrial steam turbine CHP sys-
tem which generates steam to drive a steam turbine, but with high
pressure steam taken from the input or part way through the steam
turbine to provide industrial process heat. This type of system is com-
mon in some industries.

All the types of power generation technology that are based on heat
engines are capable of being integrated into a CHP system. Thus, all
fossil fuel fired power plants and biomass power plants can be adapted
to create CHP systems. In addition, electrochemical fuel cells can be
an excellent source of heat as well as power. Among renewable tech-
nologies, solar thermal power plants can provide heat in addition to
electricity if necessary and geothermal energy has been widely
exploited for both electricity generation and district heating. Other
renewable technologies such as wind, hydropower and marine power
involve no heat generation. However, solar photovoltaic power genera-
tion can, in principle at least, be exploited in conjunction with solar
heating because the solar cell only uses a part of the incident light and
rejects most of the heat-bearing infra-red radiation. Nuclear power,
too, can be exploited for heat and power generation although its use is
rare outside Russia and countries of the former Soviet Union.

While this range of technologies offers a wide choice for a CHP
plant, the type of heat required from a CHP application will often
narrow the choice of technology. If high quality steam is demanded
then a bottoming cycle may be the first choices. If a topping cycle is
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preferred, then a source of high temperature waste heat will be needed.
This can be taken from a steam turbine-based power plant, it can be
generated using the exhaust of a gas turbine and it can be found in a
high temperature fuel cell. Other generating systems such as piston
engines or low temperature fuel cells are usually only capable of gener-
ating hot water, and perhaps low quality steam.

For smaller applications and where only hot water is needed a
reciprocating engine, microturbine or low temperature fuel cell might
offer the best match. Again however, the mode of operation will deter-
mine the optimum choice. If the unit is to supply power to a particular
consumer or group of consumers, with its output following their
demand, then a generating unit that can operate efficiently at different
load levels such as a piston engine or fuel cell will probably be the best
solution. However if it is going to provide base-load generation then
part load efficiency will be of less significance.

Finally, location will be important. It will not be possible to install
some types of CHP plant in urban areas because of the emissions and
the noise they generate. This will therefore limit the technologies avail-
able for use in this situation.

With a bottoming cycle CHP system, the amount of heat available
is determined by the industrial process that requires it. For topping
cycle CHP systems the quantity of heat available is determined, in part
at least, by the generating technology and it will vary from technology
to technology.

Table 3.1 gives typical energy conversion efficiency ranges for mod-
ern fossil fuel burning power plants. Modern high efficiency coal-fired
power plants can operate at between 38% and 47% efficiency although

Table 3.1 Typical Power Plant Energy Conversion Efficiencies

Type of Plant Efficiency

Conventional coal-fired power plant 38% to 47% for modern high efficiency coal plants
Heavy industrial gas turbine Up to 42%

Aeroderivative gas turbine Up to 46%

Fuel cell 25% to 60% depending upon type

Natural gas-fired reciprocating engine 28% to 42%

Diesel engine 30% to 50%




28 Combined Heat and Power

there are many that are much less efficient. However high efficiency
coal-fired plants produce little usable waste heat unless overall effi-
ciency is compromised since the steam exiting the steam turbine is gen-
erally at a very low temperature and pressure. Gas turbines provide
more flexibility while offering a similar electrical energy conversion
efficiency since their exhaust gases can provide high grade heat.

Where an even greater level of flexibility is required, it is possible
to design a plant to produce less electricity and more heat that the
efficiency figures in Table 6.1 suggest. Some technologies are amena-
ble to this strategy. Others are not. Most flexible are boiler/steam
turbine plants but gas turbine CHP units can ecasily be adapted in
this way too.

PISTON ENGINES

Two types of piston engine are regularly used for power generation,
diesel engines and spark ignition gas engines. The former are the most
efficient and can operate up to 50% fuel to electrical conversion effi-
ciency. Spark ignition gas engines achieve around 42% efficiency at
best. However the latter are cleaner than diesel engines which usually
require extensive exhaust gas cleaning.

Piston engines can provide heat for hot water and space heating but
rarely provide heat for processes that require higher grade heat
although some larger engines can produce medium pressure steam.
Heat is captured from engine cooling systems and from the exhaust
gases. Piston engines suitable for CHP applications come in sizes rang-
ing from a few kilowatts to several megawatts. They are often used to
provide both electricity and heat for hot water and space heating in
commercial and some large residential situations. The engines are
good a load following with little fall in efficiency down to 50% load.
This makes them more flexible than some other types of CHP prime
mover.

STEAM TURBINES

Steam turbines are one of the workhorses of the power generation
industry. Large steam turbines can achieve 47% efficiency. Smaller
units that are likely to be used in CHP systems will have lower
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efficiency, though this need not be a problem. Steam turbines for large
coal-fired or nuclear power plants will usually have multiple units to
provide an output often in excess of 1000 MW. Single steam turbines
of up to 250 MW are available while for small-scale applications, units
as small as 50 kW can be found. With this wide capacity range it is
normally possible to find a unit suitable for any CHP application.

A simple steam turbine CHP system needs a boiler and steam gen-
erator to raise the steam to drive the unit. The fuel can be any fossil
fuel as well as biomass fuels. For highest electrical conversion effi-
ciency, the steam will be condensed at the exit of the steam turbine,
creating the largest pressure drop possible across the turbine blades.
However, for CHP applications, steam is often taken from the steam
turbine exhaust to use in a process. Such turbines are called back-
pressure turbines because their exhaust pressure is not the minimum.
In addition, it is possible to design a steam turbine CHP system in
which steam is extracted at one or more points along the turbine.
Turbines with this capability are called extraction steam turbines.

An alternative configuration is to take steam directly from the plant
boiler to use in an industrial process and then use the remaining energy
to generate electricity, much in the manner of a bottoming CHP sys-
tem. The flexibility of steam turbines in CHP applications makes them
ideal for many types of industrial process.

GAS TURBINES

Gas turbines are used in a range of power generation duties. Sizes
range from under 1 MW to nearly 400 MW. Modern gas turbines have
efficiencies of up to 46%. They are normally designed as stand-alone
engines that burn a fuel directly to provide mechanical drive for a gen-
erator. Gas turbines usually burn natural gas today, but they can be
fired with liquid fuels as well as a range of gases derived from biomass.

As with a steam turbine, the highest efficiency is extracted from a
gas turbine when the pressure and temperature drop across its blades is
a maximum, implying the lowest possible exhaust gas temperature and
pressure. Even under these conditions the exhaust gas temperature will
be high enough to raise medium or high pressure steam for CHP use.
In a CHP system where more thermal energy is required, the efficiency
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of the gas turbine can be compromised by allowing the gases to exit at
a higher temperature.

Many simple gas turbine CHP systems use a gas turbine to generate
power and then exploit the hot exhaust gases to provide process heat,
steam or heating. However some can be fitted with an additional steam
turbine to generate more electrical power, but with reduced heat out-
put. Alternatively, the heat output can be boosted by using some form
of supplementary firing after the exhaust gases exit the turbine. Most
gas turbine CHP systems are designed to provide industrial heat.

There is another type of gas turbine, called a microturbine, that is
much smaller than standard industrial turbines. Sizes typically range
from 3 to 250 kW. These units are designed specifically for commercial
and domestic use and many are packaged as CHP systems, capable of
providing both electricity and hot water.

FUEL CELLS

The fuel cell is an electrochemical device, similar in concept to a bat-
tery, that uses an externally supplied fuel to generate electrical power.
There are a range of fuel cell types, some that work at low temperature
and some that operate at high temperatures. Cells which operate at the
lowest temperatures are generally not useful in CHP systems but most
other types can be adapted for CHP use. One popular design, called
the phosphoric acid fuel cell, has been marketed as a packaged CHP
unit by some manufacturers. These cells operate at around 200°C and
can provide heat sufficient for hot water and space heating.

Other fuel cells operate at temperatures between 600°C and 1000°C.
These types of cell can potentially provide high grade heat that can be
used to raise steam or for industrial processes. They can also be used
for hot water and heating. Fuel cells are very clean and quiet and are
ideal candidates for CHP in urban areas. Two types of fuel cell have
been developed for use in domestic CHP systems.

NUCLEAR POWER

Nuclear power plants exploit nuclear fission reactions to generate heat
that is then used to raise steam and drive a steam turbine. The plant
configuration is virtually identical to that of a fossil fuel steam turbine
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plant, but with the boiler replaced by a nuclear reactor. In the same
way as the fossil fuel technology can be used for CHP applications, so
too can the nuclear technology.

Nuclear CHP plants have most normally been used for district heat-
ing applications although they can provide industrial heat too. The
nuclear reactor normally generates steam that is at lower temperature
and pressure than a standard fossil fuel power plant and so this is bet-
ter suited to applications where the heat requirement is not extreme.
The use of nuclear power for heat has been exploited in Russia and
there are some plants in other eastern European nations that were
once part of the Soviet Union. However this type of technology has
not, so far, been widely adopted in the developed countries of the
western world.

GEOTHERMAL POWER

Geothermal power generation relies on the heat from an underground
reservoir of brine. The fluid is pumped to the surface and then used to
generate power before, in the best designed systems, being reinjected
into the underground reservoir. There is also a long history of brine
from underground reservoirs being used for district heating.

There are many underground reservoirs of brine that are not hot
enough for power generation; if these are exploited, it is normally for
heating alone. Others, in which the brine is at a higher temperature
can be used for both. The configuration will normally be that of a top-
ping cycle with the hot brine being used first to drive a heat engine,
before the remaining heat used to heat water for a district heating sys-
tem. Geothermal energy is economical where there are good geother-
mal resources, but these are limited, geographically.

SOLAR THERMAL POWER

A solar thermal power plant uses the heat energy from the sun as an
energy source to drive a heat engine. In order to make this effective,
the solar energy must be collected over a wide area and concentrated
so that a temperature sufficient for economic electricity generation
can be achieved. There are a range of solar thermal technologies that
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use different types of concentrators to provide energy for power
generation.

In principle the heat energy collected in this way can also be
exploited in a CHP topping cycle, with the heat used first to provide
electricity before the waste heat is used for heating. This is not a tech-
nology that has been exploited commercially. However, solar energy is
commonly used directly to heat water using rooftop solar panels
through which water is circulated.



Piston Engine Combined Heat
and Power Systems

The piston engine, or reciprocating engine, is probably the common-
est form of heat engine to be found across the globe. Engines of this
design provide the motive force for virtually all road vehicles in use
today as well as powering trains and many ships. In addition, they
are used for a variety of small devices such as lawn mowers and
chain saws. The same engines are commonly employed as sources of
electrical power too. Units for power generation can be as small as a
few kilowatts or as large as 80 MW. The largest engines are
also among the most efficient prime movers available for producing
electrical power.

There are two broad categories of piston engine that can be used
for power generation, the spark ignition engine and the compression
ignition, or diesel engine. These differ in the way combustion of the
fuel is initiated, and this leads to differences in both efficiency and
emission levels from the engines. Spark ignition engines are generally
cleaner but less efficient while diesel engines have higher efficiency but
produce larger quantities of atmospheric emissions. One subgroup of
spark ignition engines is the natural gas spark ignition engine. These
engines have become popular for both power generation duties and for
combined heat and power (CHP).

Both diesel and spark ignition engines can be adapted for CHP.
Systems based on these engines are always topping cycles with the
engine providing electrical power. Waste heat is then captured from
the exhaust and cooling systems of the engines and used to provide
heat energy for heating and hot water. Some larger engines can also be
adapted for medium pressure steam production.

In addition to the two main types of piston engine, there is a third
type that can be used for power generation, the Stirling engine. This
engine is unique among commonly used reciprocating engines in that
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it is an external combustion engine in which the heat is applied to the
outside of the engine rather than combustion of fuel taking place
within the engine. Stirling engines have been used in solar thermal
power plants and can be used in domestic CHP systems too.

The range of piston engines available today makes it relatively easy
to find an engine to suit any particular CHP application. Small engines
are mass-produced for cars while larger engines are designed for trucks
and buses. The largest engines of all are marine and locomotive
engines. All can be adapted for cogeneration. In most cases, engine
CHP systems will be packaged so that all is required is to supply a fuel
and connect the electrical and heating outputs to the local demand.
Bespoke engine CHP systems are also available, at higher cost.

ENGINE TYPES

Piston engines suitable for CHP applications are primarily of two
types, spark ignition engines and compression ignition engines. Within
each category there are also two different cycles, the two-stroke cycle
and the four-stroke cycle. The latter is the most common in engines
used for power generation although some very large compression
ignition engines use a two-stroke cycle.

The piston engine has a combustion chamber, or cylinder which is
closed at one end, while the other end is sealed by a piston that can
move to and fro within the cylinder. In the spark ignition engine, a
mixture of air and fuel is introduced into the cylinder through a valve
at the closed end. The piston compresses this mixture inside the cylin-
der and the compressed mixture is ignited with a spark, producing an
explosion which forces the piston to move away from the sealed end
again, generating a power stroke through the motion of the piston.
Once the power stroke is complete, the gases are expelled from the
cylinder and the process is repeated.

In a four-stroke engine, the piston moves in and out twice for each
power stroke. Starting with the piston at the top of the cylinder the
first stroke involves fuel and air being drawn into the cylinder through
a valve while the piston moves away from the top of the engine. When
it reaches it maximum displacement it begins to return (stroke two),
compressing the air/fuel mixture. At the top of the cylinder this mix-
ture is ignited, generating the power stroke (stroke three) as the piston
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is forced away from the top of the engine once more. Finally, it returns
again, the fourth stroke, this time expelling the spent fuel/air mixture,
(the exhaust) through a second valve before the cycle is repeated. The
movement of the piston is controlled by a system of levers which also
convert the reciprocating motion into rotary motion of a shaft.

The two-stroke engine has a simpler cycle. The power stroke is
combined with the exhaust stroke, while the inlet stroke is combined
with the compression stroke. As a result, a two-stroke engine has a
greater power to weight ratio because there is one power stroke to
every two strokes of the engine instead of one in four. For small
engines, the two-stroke cycle is relatively less efficient and can generate
more exhaust gas pollutants. However, very large two-stroke engines
can be highly efficient.

The compression ignition engine varies the mode of operation
slightly. In this type of engine, air alone is introduced into the cylinder
during the inlet stroke. This is compressed much more highly during the
compression stroke that would be the case in a spark ignition engine.
Compressing a gas causes it to heat up and the greater compression
causes the air to become extremely hot, hot enough to spontaneously
ignite a charge of fuel which is injected into the cylinder when the piston
reaches the top of its compression stroke. Since ignition is achieved
spontaneously, no ignition system is needed, simplifying engine design.
The higher temperature in the combustion chamber (cylinder) also
allows higher thermodynamic efficiency to be achieved and diesel
engines are more efficient that spark ignition engines. However, the high
temperature can also lead to production of greater amounts of nitrogen
oxides in the exhaust gases of the engines. Compression ignition engines
must be stronger than spark ignition engines in order to resist the higher
cylinder pressures and this makes them more expensive.

ENGINE SIZE AND EFFICIENCY

The efficiency of a piston engine varies with the type of engine. Spark
ignition engines generally have lower efficiency, with typical perfor-
mance of between 28% (or less) and 42%' efficiency while diesel

"For spark ignition engines the efficiency varies with the amount of fuel in the fuel/air mixture. A
lean mixture with less fuel produces lower emissions but is less efficient (28%). A rich mixture is
more efficient (42%).
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engines can achieve a maximum efficiency of 50%. Efficiency also var-
ies with engine size; smaller engines are less efficient than larger
engines. So, for example, a natural gas spark ignition engine with
100 kW electrical output might achieve an efficiency of 27%, while for
a 1 MW unit the efficiency can rise to 37% and at 10 MW efficiency
approaches 42%. As a consequence of this, smaller engines often have
a higher exhaust gas temperature than larger engines.

From a CHP perspective, a lower efficiency is not necessarily a
problem because any heat not used to generate electricity can be cap-
tured later and used for heating purposes. However, it does mean that
the ratio of heat energy to electrical energy will vary with engine size.
For a 100 kW engine, the ratio of heat output to electrical output may
be 2:1, whereas for a large engine, the ratio will fall to less than 1:1.
The balance of heat demand to electricity demand will therefore have
a bearing on the size of engine when a CHP plant is being designed.

Most piston engines are available as off-the-shelf components so that
the actual engine design or parameters cannot easily be varied to meet a
specific requirement. The largest engines are often designed for specific
applications, and in this case, it is possible to vary some of the engine
operating characteristics. For example, it might be preferable to run the
engine at a higher temperature, and with overall lower efficiency in order
to allow more heat to be available for the heating demand.

Another consideration is engine reliability. Small piston engines are
manufactured in large numbers but most are for automotive applica-
tions where engine the duty cycle is relatively light and engine lifetime
is not a major consideration. Such engines are cheap but if they are
used for continuous, or base load operation they are likely to prove
unreliable and require regular and extensive maintenance. Larger
engines are often designed for a much more demanding duty cycle, but
in consequence are more expensive. There has been interest in recent
years in developing the smallest engines so that they can operate con-
tinuously and reliably in order to be able to make them available for
the domestic and small commercial CHP markets where electrical out-
puts as low as 1 kW might be needed.

With engines operating at a maximum efficiency of 50%, there will
be 50% or more of the fuel input available as waste heat. In smaller
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engines the heat available may account for up to 75% of the energy
from the fuel. When waste heat is captured and utilized, the overall
efficiency of the CHP system can rise to 75% to 80%.

ENGINE HEAT SOURCES

Piston engines generate large amounts of heat during operation. Some
of this heat is used to generate mechanical power which in a power
generating system is used to drive a generator and produce electrical
energy. However, much of it is not utilized in this way and simply
emerges as waste heat. This waste heat must be captured and dumped
into the environment. Otherwise the engine would overheat and fail. In
consequence, engines are fitted with extensive cooling systems.

In a piston engine CHP system, these cooling systems can be
exploited to provide heat energy. In most engines there are four pri-
mary sources of waste heat. These are the engine exhaust, the engine
case water cooling system, the lubrication oil cooling system (where
fitted) and when a turbocharger is fitted, the turbocharger cooling sys-
tem. A schematic of a piston engine CHP system (without a turbo-
charger) is shown in Fig. 4.1.

The exhaust gas contains up to one third of the fuel energy and
30% to 50% of the total waste heat from the engine. The amount of
energy it contains will depend upon the efficiency and type of engine.
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Figure 4.1 Piston engine CHP system schematic. Source: Paul Breeze (2014).
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In general smaller, less efficient engines will convert less heat from the
combustion gases into mechanical energy than a larger engine of the
same type, so the exhaust gas temperature will be higher for the smal-
ler engine. Diesel engines operate at a higher temperature than spark
ignition engines, but they are more efficient.

Exhaust heat is not normally captured in conventional engines but
it is straightforward to fit a heat recovery system to the exhaust of an
engine if the heat is required. The exhaust temperature is typically
between 370 and 540°C. This is sufficiently high that it can be used to
generate medium pressure heat if required, with a maximum pressure
of around 28 bar. The additional cost of a steam generator means that
this will only be cost effective in very large engines. Otherwise, the
exhaust heat can be used to generate hot water. Engine exhaust gases
have also be used directly for drying in some applications.

The main engine case cooling system can capture up to 30% of the
total energy input. Cooling water typically exits the cooling system at
up to 95°C but it may be hotter if the cooling system is pressurized. In
a cogeneration system, the outlet from the engine case cooling system
will be passed through a heat exchanger to provide a source of hot
water. Engine oil and turbocharger cooling systems will provide addi-
tional energy that can also be used to supply hot water. The engine
cooling jacket and oil cooling system will typically provide 45% to
55% of the total waste heat recovery from an engine system.

If all the heat from the exhaust and the cooling systems of an engine
is exploited, around 70%—80% of the fuel energy can be used.
However this can generally only be fully exploited when there is a
need for hot water. Overall efficiency will also depend on the duty
cycle of the engine. Most reciprocating engines will show little fall in
overall efficiency when the electrical load on the engine falls from
100% to 50% but if it falls lower than 50%, then efficiency will start to
drop off more sharply. Engine and waste heat temperatures are likely
to fall too, and so a wide daily variation in load is likely to have an
impact on the effectiveness of the CHP system.

STIRLING ENGINE

A Stirling engine is a reciprocating engine that utilizes a piston and
cylinder in the same way as a more conventional internal combustion
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engine. However, in the case of the Stirling engine, the system is usu-
ally pressurized and is completely sealed. Instead of combustion taking
place within the engine, the device is provided with an external heat
source and an external cooling system—the heat sink. Heat from the
heat source passes through the engine to the heat sink, driving its cycle
as it does so. Stirling engines usually contain either hydrogen or helium
as their working gases because these are excellent at transferring heat
quickly.

Commercial Stirling engines are relatively small. Typical electrical
generating capacities are between 1 and 25 kW. While these engines
potentially have a range of applications, they are often expensive to
build and have rarely been used in commercial power generating sys-
tems. One area in which they have found use is for solar thermal
power generation where the heat source is provided by the sun.

More recently, there has also been interest in using Stirling engines
as electricity generators in domestic CHP systems. Many households,
particularly in Europe, use natural gas to provide heat. A natural gas
burner can easily be adapted to provide a heat source for a small
Stirling engine of between 1 and 10 kW, with the size chosen to match
the electrical demand of a typical domestic dwelling or small commer-
cial organization. The engine forms part of a topping cycle system,
with the waste heat that passes out of the engine through its heat sink
used to provide hot water and space heating. There are a number of
commercial systems based on this design available.

PISTON ENGINE CHP APPLICATIONS

The use of reciprocating engines for CHP applications is common in
the developed world. In the USA, for example, there were an estimated
2000 large systems operating in the middle of the second decade of the
21st century and these had, between them, an electrical generating
capacity of 2300 MW or roughly 1.15 MW for each system.” Large
systems in the megawatt range often comprise multiple smaller engine
units for added flexibility and reliability. There is likely to be a number
of much smaller systems too. Similar types of system can be found in
Europe and Japan.

2Energy Solutions Center, http:/understandingchp.com/chp-applications-guide/4-chp-technolo-
gies/.
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While reciprocating engines can operate on a variety of liquid and
gaseous fuels, most of these CHP systems burn natural gas in spark
ignition engines. Units burning gaseous fuels represent 84% of the US
capacity. Natural gas is clean and relatively cheap, particularly in the
USA following the development of shale gas. These systems are often
packaged and can be installed in urban areas without difficulty.
Typical users include universities, hospitals, office buildings as well as
a range of commercial and small industrial organizations where there
is a demand for both electrical power and heating or hot water. They
can also provide low pressure steam if that is needed. Food processing
plants represent typical users in this sector.

In addition to the use of waste heat for hot water or for generating
low pressure steam, the exhaust gases from an engine can be used
directly for drying of heating. One specialist application is for green-
house cultivation where the extra carbon dioxide in the exhaust gases
as a result of fuel combustion can boost plant growth.

The main types of reciprocating engine all have good part load effi-
ciency, such that the efficiency will drop by 10% or less as the load
falls from 100% to 50%. Modern engines for CHP applications are
relatively cheap to install and are reliable provided they are maintained
according to the manufacturer's schedule.

Emissions from piston engine CHP plants vary with engine type.
Gas-fired spark ignition engines are generally the cleanest and most
require little emission control although nitrogen oxides removal may
be required. Diesel engines produce higher levels of both nitrogen
oxides and particulates and will usually need exhaust gas cleanup.

The use of reciprocating engines in the domestic CHP market is
new and the market for these units is developing slowly. Initially, the
main markets are likely to be in Japan and in Europe.



Steam Turbine Combined
Heat and Power Systems

Steam turbines are heat engines that extract energy from high tempera-
ture, high pressure steam and convert it into rotational, mechanical
energy, driving a shaft that can be used to turn an electrical generator
and provide electricity. Unlike some heat engines, a steam turbine does
not, itself, burn fuel. In order to operate, a steam turbine needs a
source of high pressure, high temperature steam. This is normally pro-
vided by an integrated furnace and boiler that is designed to match the
steam turbine. In some cases the heat energy for steam generation may
also be supplied from the exhaust of a gas turbine or as waste heat
from another process. In consequence, a steam turbine-based electrical
generating or combined heat and power (CHP) system is relatively
complex and expensive. Against this, steam turbine CHP systems can
provide high quality heat for industrial processes with great efficiency
and flexibility.

Steam turbines are the mainstay of the world’s electrical generating
capacity, providing mechanical power to drive generators in coal-fired,
oil-fired, some gas-fired and nuclear power plants across the globe.
They can also be found in geothermal power plants, in some solar
thermal power plants and in marine power plants that derive heat
from the world’s oceans. The steam turbines in large power plants
such as central coal-fired and nuclear plants are usually made up of
several cascaded units that extract energy in turn from high pressure
steam, medium pressure steam and low pressure steam. Smaller plants
will have a single steam turbine and so will most steam turbine based
CHP plants, although some of the very largest plants might include
cascaded units.

Steam turbine CHP systems can be found in a variety of configura-
tions with steam provided from boilers burning a variety of fuels.
Some will burn coal but many will be fired with natural gas.
In industry-specific situations, the fuel may be biomass or some form
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of waste material. Many of these installations will be topping cycle
CHP systems but steam turbines can also be used in bottoming cycles.
Topping cycle steam turbine CHP systems will normally be designed
to provide process heat in the form of steam for some industrial or
commercial process. This may require steam at a variety of tempera-
tures and pressures and CHP steam turbines are designed to be able to
provide steam at different conditions to suit the demand. Similar steam
turbines can be used in district heating systems.

These is another type of turbine called an organic Rankine cycle
(ORC) turbine that operates in a manner identical to that of a steam
turbine but uses an organic fluid as its working fluid instead of steam/
water in a steam turbine. These devices are usually closed cycle units
that can exploit relatively low temperature waste heat sources. As such
they can be used in CHP bottoming cycles when the waste heat is not
of sufficient quality to raise steam.

STEAM TURBINE TECHNOLOGY AND TYPES

The steam turbine harnesses the principle that a high pressure jet of
fluid can be used to impart rotational drive to a wheel fitted with
paddles or blades. This is the principle of the water wheel. In the case
of a steam turbine, the fluid in question is high pressure, high tempera-
ture steam.

The water wheel operates most efficiently when its blades move at
half the speed of the flowing water. High pressure steam exiting a
nozzle can reach 1500 m/s, and it would be impossible to harness this
with a simple bladed wheel because it could never rotate fast enough
to operate efficiently. The solution is to design a steam turbine with a
series of wheels and blades, with the steam temperature and pressure
dropping in stages as it passes each one. In this way, the energy can be
extracted efficiently without the need for impossibly high blade speeds.

A modern steam turbine comprises a series of bladed wheels
mounted sequentially along a shaft. The blades and shaft are contained
inside a casing through which the steam flows. In between each set or
rotating blades are a set of fixed blades. These act as nozzles, allowing
the steam to expand and increase in velocity sequentially, while the
rotating blades exploit the kinetic energy of the steam at each stage. In
this way, the steam pressure and temperature decreases as it passes
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through the steam turbine. The thermodynamic heat engine cycle upon
which the steam turbine is based is called the Rankine cycle.

A steam turbine will extract the greatest amount of energy from the
steam when the pressure and temperature drop across the sets of blades
is a maximum. In a conventional power plant, this is achieved by con-
densing the steam at the exit of the steam turbine. A CHP plant may
require heat energy to be left in the steam when it leaves the steam tur-
bine. In this case, not all the energy can be taken from the steam to
generate electrical power. Alternatively, steam may be extracted from
a steam turbine at an intermediate point along its length where the
temperature and pressure of the steam within the turbine matches that
required by heat demanding process.

Since the efficiency of a steam turbine power plant depends on the
temperature and pressure of the steam, modern technology attempts to
maximize this by raising the temperature and pressure above the criti-
cal point of water. Beyond this point, liquid and gaseous water are
indistinguishable. Supercritical steam plants of this type can operate
with a steam temperature of around 600°C and a pressure close to
300 bar. At operating temperatures in this region, both boiler and tur-
bine components must be made of special, expensive materials and this
will not normally be cost effective in a CHP installation. Most will
therefore operate with steam below the supercritical point.

CHP STEAM TURBINE TYPES

In order to match steam production to heat demand, there are three
types of steam turbine in common use for CHP plants. These three are
called a back pressure steam turbine, an extraction steam turbine and
a condensing steam turbine. Each type will suit a different configura-
tion of plant.

The condensing steam turbine is a conventional steam turbine in
which the steam exiting the turbine exhaust is condensed to provide
the maximum energy capture. This is the type of steam turbine that
will be used in a bottoming cycle CHP plant in which waste heat or
energy from an industrial process is used to raise steam to generate
electricity. In this type of plant heat energy is exploited first, then the
remaining heat is used to produce steam for electricity generation.
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The other two types of steam turbine are more commonly found in
topping cycle systems. The back pressure steam turbine is so-called
because the steam exiting the turbine exhaust will still contain a signifi-
cant amount of energy and will be at relatively high temperature and
pressure. This exhaust steam is used either to provide heat for an
industrial process or to produce hot water. A back pressure turbine is
shown schematically in Fig. 5.1. This type of steam turbine CHP plant
will normally operate with relatively constant heat demand because
there is no way of varying the steam output from the turbine exhaust
while maintaining optimum operating conditions.

The third type, an extraction steam turbine, is a condensing steam
turbine with a steam extraction port part-way along the steam turbine
that can provide steam at intermediate temperature and pressure for
an industrial process (see Fig. 5.2). The actual position of the extrac-
tion port will depend on the heat demand so this type of CHP plant
will be tailored for each specific application. In an extraction steam
turbine CHP plant the amount of power that can be generated will
vary, depending upon the amount of steam that is extracted. This
makes for a flexible plant in which power and heat can be balanced
depending upon the heat demand. However, the turbine is more costly
that a back pressure or conventional condensing steam turbine.

In addition to these three types, there is a hybrid extraction/back
pressure steam turbine that provides steam for process heat or hot
water both from an extraction point in the turbine and from the turbine
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Figure 5.1 Schematic of a back-pressure steam turbine.
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Figure 5.2 Schematic of an extraction steam turbine.

exhaust. This type of CHP plant is the most complex to control because
the heat flow through the turbine will depend upon the amount of heat
extracted, and this will cause the heat at the turbine exhaust to vary.

Steam turbines are available in a wide range of sizes making it rela-
tively simple to match a turbine to a particular CHP application. The
complexity of steam turbine CHP plants means that they are normally
relatively large in size, and the smallest CHP steam turbines are likely
to be several megawatts in generating capacity. Where heat demand is
smaller, alternative technologies are more commonly used. Maximum
size for a single steam turbine is around 250 to 300 MW.

PLANT CONFIGURATIONS

In addition to the variety of steam turbines available for CHP applica-
tions, there are a range of plant configurations, depending on the heat
source, and whether the turbine is to be used in a topping cycle or a
bottoming cycle. Energy sources can include fossil fuels and biomass.
Solar thermal energy can also be harnessed to raise steam to drive a
steam turbine but this is unlikely to be incorporated into a CHP plant.

A large modern supercritical coal fired power plant will probably be
capable of converting up to 47% of the energy in the fuel into electrical
energy although many plants operate at much lower efficiency. When a
conventional plant of this type is used f